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Abstract. The energy frontier is currently at the Fermilab Tevatron accelerator, which collides 
protons and antiprotons at a center-of-mass energy of 1.96 TeV. The luminosity delivered to the 
CDF and D0 experiments has now surpassed the 4 fb~^. This paper reviews the most recent di- 
rect searches for Higgs bosons and beyond-the-standard-model (BSM) physics at the Tevatron. The 
results reported correspond to an integrated luminosity of up to 2.5 fb~^ of Run II data collected 
by the two Collaborations. Searches covered include: the standard model (SM) Higgs boson (includ- 
ing sensitivity projections), the neutral Higgs bosons in the minimal supersymmetric extension of 
the standard model (MSSM), charged Higgs bosons and extended Higgs models, supersymmetric de- 
cays that conserve or violate 7?-parity, gauge-mediated supersymmetric breaking models, long-lived 
particles, leptoquarks, compositeness, extra gauge bosons, extra dimensions, and finally signature- 
based searches. Given the excellent performance of the collider and the continued productivity of 
the experiments, the Tevatron physics potential looks promising for discovery with the coming 
larger data sets. In particular, evidence for the SM Higgs boson could be obtained if its mass is light 
or near 160 GeV. The observed (expected) upper limits are currently a factor of 3.7 (3.3) higher 
than the expected SM Higgs boson cross section at ruH ~ 115 GeV and 1.1 (1.6) at mn ~ 160 GeV 
at 95% C.L. 
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1 Introduction 



This paper reports recent experimental results of 
direct searches for the Higgs boson and beyond-the- 
standard-model (BSM) physics based on data collected 
by the CDF and D0 Collaborations at the Fermilab 
Tevatron collider. The dataset analyzed corresponds 
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to an integrated luminosity of up to 2.5 fb ^. More 
details on the analyses can be found in Ref. [SUT]. 



2 The Tevatron accelerator 

The Tevatron is performing extremely well. For Run II, 
which started in March 2001, a series of improvements 
were made to the accelerator to operate at a center- 
of-mass energy of 1.96 TeV with a bunch spacing of 
396 ns. Before the 2007 shutdown, monthly integrated 
and peak luminosities of up to 167 pb^^ and 2.6 x 10'^^ 
cm~^ s~^, respectively, have been achieved. Since the 
most recent shutdown, beams with peak luminosity of 
3.2 X 10^^ cm~^ s~^ have been delivered, with weekly 
integrated luminosity and antiproton hourly produc- 
tion rate reaching 58 pb~^ and 26 mA/hours, respec- 
tively. The consequence, in terms of the number of 
interactions per crossing, is that the Tevatron is run- 
ning in a mode similar to that expected at the Large 
Hadron Collider (LHC). 

The D0 integrated luminosity delivered and recorded 
since the beginning of Run II is given in Table [T] (with 
similar values for CDF). 



Table 1. Run II luminosity delivered by the Tevatron ac- 
celerator, and luminosity recorded by the D0 experiment. 





Delivered 


Recorded 


Run Ila 


1.6 fb^^ 


1.3 fb-^ 


Run lib 


2.5 fb-i 


2.2 fb-i 


Total 


4.1 fb-^ 


3.5 fb-^ 



3 The CDF and D0 detectors 



A fuU description of the CDF (Fig. [J) and D0 (Fig. [2]) 
Run II detectors in operation since 2001 is available 
in Ref. |8l[9]. Both experiments are multipurpose de- 
tectors and are in a steady state of running. Detectors 
take data with an average efficiency of 85%. An up- 
grade of the detectors to improve their performance for 
Run lib was successfully concluded in 2006. The D0 
upgrade included the challenging insertion of an addi- 
tional layer close to the beam pipe of radiation-hard 
silicon (LO) to improve the tracking performance. CDF 
and D0 completed calorimeter and track trigger up- 
grades to significantly reduce the jet, missing energy, 
muon and electron trigger rates at high luminosity, 
while maintaining good efficiency for physics. 

In the following, the CDF and D0 detector compo- 
nents used in the analyses are briefly described. Both 
experiments use a cylindrical coordinate system around 
the proton beam axis in which 9 and </> are the polar 
and azimuthal angles, respectively, and the pseudora- 
pidity 77 is defined as, r] — — In [tan (6'/2)]. The trans- 
verse momenta and energy of a particle are defined as 
Pt = psinO and Et = EsmO, respectively. In the fol- 
lowing, imbalance in transverse momentum is referred 
to as missing transverse energy or If^rp . The trigger and 
data acquisition systems are designed to accommodate 
the high rates and large data volume of Run II. It 
comprise three levels of increasing complexity with a 
rate of accepted events written to permanent storage of 
about 50-150 Hz. The beam luminosity is determined 
by using counters located in the forward pseudorapid- 
ity region that measure the average number of inelastic 
pp collisions per bunch crossing. 
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Fig. 2. Cross section of tlie 
central tracking system in the 
X ~ z plane of the D0 detec- 
tor in Run II. Also shown are 
the locations of the solenoid, the 
preshower detectors, luminos- 
ity monitor, and the calorime- 
ters [9]. 



3.1 CDF 

The tracking system consists of a cylindrical open- 
cell drift chamber and silicon microstrip detectors in 
a 1.4 T magnetic field parallel to the beam axis. The 
silicon detectors pU) provide tracking information for 
1 77 1 < 2 and are used to detect collision and decay 
points. The drift chamber [11] surrounds the silicon de- 
tectors and covers the central rapidity region \ri\ < 1. 
The energies of electrons and jets are measured in 
calorimeters covering the region \r]\ < 3.6 and seg- 
mented into towers pointing toward the center of the 
detector. Jets are reconstructed from energy deposi- 
tions in the calorimeter towers using a jet clustering 
cone algorithm jT2] with a cone size of radius AR — 
^/(A(j)y^+(AJ])^ = 0.4. Corrections are applied to 
account for effects that can cause mismeasurements 
in the jet energy such as non-linear calorimeter re- 
sponse, multiple beam interactions, or displacement 
of the event vertex from the nominal z = position. 
Both the magnitude and direction of the are re- 
computed after the jet energies have been corrected. 
Outside the calorimeters, layers of steel absorb the re- 
maining hadrons leaving only muons, which are de- 
tected by drift chambers and scintillation counters up 
to \r]\ < 1.5. 



3.2 D0 

The central tracking system consists of a silicon mi- 
crostrip tracker and a central fiber tracker, both lo- 
cated within a 1.9 T superconducting solenoid. A liquid- 
argon and uranium calorimeter covers pseudorapidities 
up to |?7| w 4.2. The calorimeter has three sections, 
housed in separate cryostats: the central one covers |?7| 
< 1.1, and the two end sections extend the coverage 
to larger \r]\. The calorimeter is segmented in depth, 
with four electromagnetic layers followed by up to five 
hadronic layers. It is also segmented into projective 
towers of 0.1 X 0.1 size in 77 — space. An outer muon 
system, covering |?7| < 2, consists of a layer of tracking 
detectors and scintillation trigger counters positioned 



in front of 1.8 T toroids, followed by two similar layers 
after the toroids. Jet reconstruction is based on the 
Run II cone algorithm [13] with a cone size of 0.5 that 
uses energies deposited in calorimeter towers. Jet en- 
ergies are calibrated using transverse momentum bal- 
ance in photon-|-jet events. The missing transverse en- 
ergy in an event is based on all calorimeter cells, and 
is corrected for the jet energy calibration and for re- 
constructed muons. 



4 Standard model Higgs boson 

The discovery of the Higgs boson is commonly con- 
sidered to be the highest priority of particle physics 
today. This fundamental ingredient of the theory has 
not yet been observed and could be reachable at the 
Tevatron if the SM Higgs boson mass uih is fight or 
near 160 GeV. The goal at the Tevatron is to find 
evidence for the Higgs boson using the full dataset, 
expected to correspond to about 7 fb~^ by 2010. A 
considerable effort has been devoted in recent years 
to improve the theoretical predictions and they are 




100 1.30 160 200 300 500 700 1000 

Aljf [GeV] 

Fig. 3. Standard model Higgs boson branching fractions 
as a function of its mass 1141. 
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Fig. 4. Main diagrams for Higgs boson production at lead- 
ing order: (top left) gluon fusion, (top right) Higgs associ- 
ated production, (bottom left) vector boson fusion, (bot- 
tom right) associated production with heavy quark (top). 



now known to good precision. The Higgs boson cou- 
ples preferentially to the heaviest particles. As shown 
in Fig. [HI the decay mode H^hh is the dominant one 
in the mass range mu < 135 GeV, with a branching 
fraction [Br) of 73% at mjj = 115 GeV. For Higgs 
masses above « 135 GeV the main decay mode is into 
WW pairs, where one of the vector bosons is off-shell 
below the corresponding kinematic threshold. 

The discovery of the Higgs boson is also among 
the main reasons for the construction of the Large 
Hadron Collider (LHC) at CERN, which is expected 
to begin operation in summer 2008. The LHC was de- 
signed such that the discovery of the SM Higgs boson, 
if it exists, would be guaranteed up to 0(1 TeV) [l5] . 
the highest energy consistent with general theoretical 
principles. Precision measurements, most notably of 
the top mass rrit = 172.6 ± 1.4 GeV [16| at the Teva- 
tron and of the W mass mw = 80.398 ± 0.025 GeV 
[TTIITS] at LEP and at the Tevatron, however provide 
strong indications that the SM Higgs boson should be 
much lighter than that upper bound, having a mass 
smaller than 160 GeV at 95% confidence level (C.L.) 
[12]. Direct searches for the Higgs boson at LEP in 
the e+e~— » Z* -^ZH reaction provide a lower limit 
of 114.4 GeV [20], but also revealed several interesting 
candidate events with masses just above that lower 
bound. If the direct lower limit from LEP is taken 
into account to extract an upper bound from precision 
measurements, the SM Higgs boson mass upper limit 
becomes 190 GeV at 95% C.L. Such a mass range is 
favorable to the Tevatrons reach. 



SM Higgs production 
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Fig. 5. Standard model Higgs boson production cross 
sections (fb) at the Tevatron [y/s — 1.96 TeV) for the most 
relevant production mechanisms as a function of the Higgs 
boson mass [21j . 



cross sections three orders of magnitude larger. The 
qq—>-qqH vector boson fusion (VBF) process is known 
at next-to-leading order (NLO) in QCD and is marginal 
at the Tevatron with cross sections between 0.1-0.02 pb 
for masses 100 GeV < ttih <_200 GeV '22]. The as- 
sociated production process ttH is also known at NLO 
in QCD and can be exploited only at the LHC [53]. 
The bottom fusion bb^H process is known at next-to- 
next-to-leading order (NNLO) in QCD in the five-flavor 
scheme [Mll^ and has a cross section of 25 fb for 
iriH ~ 100 GeV. The two main production modes at 
the Tevatron are therefore gluon fusion gg^H + X 
and associated production qq^WH+X, qq^ZH + X. 
The associated production processes have cross sec- 
tions known at NNLO in QCD and NLO for the electroweak 
corrections with a rather small residual theoretical un- 
certainty that is less than 5% [25,26J. The gluon fusion 
process gg^H -I- X is known at NNLO in QCD (in the 
large top-mass limit) and at NLO in QCD for arbitrary 
top mass, with an overall residual theoretical uncer- 
tainty estimated to be around 10% P7]. 

All Higgs signals are simulated using pythia [28] . 
and CTEQ5L or CTEQ6L [29] leading-order (LO) par- 
ton distribution functions. The signal cross sections 
are normalized to next-to-next-to-leading order (NNLO) 
calculations [25]l27] , and branching fractions from hde- 
CAY |30]. 



4.1 Higgs boson production 

The main diagrams for Higgs production are displayed 
at leading order in Fig. HI The production cross sec- 
tion of the Higgs boson are summarized in Fig.Oforpp 
collisions at the Tevatron. They are small, of the order 
of 0.1 pb, not including the decay branching fractions, 
while typical backgrounds such as W +bb or Z +bb have 



4.2 SIVI backgrounds 

The dominant backgrounds to Higgs analyses at low 
mass comprise W/Z+jets, ti, single top, and multi- 
jet (instrumental) events. The latter are sometimes re- 
ferred to as "QCD background" . At high mass, di-boson 
processes represent the main contribution to the back- 
grounds. 
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Fig. 6. Neural network output distribution obtained after 
final selection in the search for associated Higgs boson pro- 
duction (WH eubb channel) using 1.9 fb"^ of CDF Run 
II data Two of the jets in the event are required to 
be identified as containing b-quarks (6-tagging). The back- 
ground expectations and the observed data are shown. The 
expected Higgs signals, scaled as indicated, is represented 
for a neural network trained with a Higgs boson mass of 
iriH ~ 120 GeV. The insert shows a zoom-in the signal 
region. 



NN output - 2 tags 

Fig. 7. D0 final analysis variable distribution (neural 
network output) used by the associated Higgs boson pro- 
duction search in the WH Ivbh channel after requiring 
two 6-tagged jets in the event [43]. The result is shown 
for an integrated luminosity of 1.7 fb~^ of data. The back- 
ground expectations and the observed data are shown. The 
expected Higgs signals, scaled as indicated, is represented 
for a neural network trained with a Higgs boson mass of 
ruH = 115 GeV. 



For both CDF and D0, the multijet background 
is estimated from data, usually in orthogonal sam- 
ples to those used for the analyses. For CDF, back- 
grounds from other SM processes are generated using 

the PYTHIA, ALPGEN [3T], MC@NLO f3? and HERWIG 

[55] programs. For D0, these backgrounds were gener- 
ated using PYTHIA, ALPGEN and COMPHEP [SI], with 
PYTHIA providing parton-showering and hadronization 
for all the generators. Background processes are nor- 
malized using either experimental data or next-to-leading 4. 3.1 
order calculations from MCFM ^35) . 



do intend to add such analysis in the future, this mode 
has not yet been studied for the current combination. 
At low mass, a 5% contribution from the addition of 
the H^TT decay mode is included. The CDF experi- 
ment contributes to the most recent SM Higgs combi- 
nation with this new analysis searching for the Higgs 
bosons decay to a tau lepton pair, in three production 
channels: gluon fusion, associated production, and VBF 
(details are given later). 



b-identification: 



4.3 Search strategy 

At the Tevatron, the most sensitive channels to search 
for a low mass SM Higgs boson (m^f < 135 GeV) are 
those from associated production, with W^lv and 
H^bb, or Z^U or ui/ and H^bb. At high mass, ttih « 
160 GeV, the branching fraction is mainly into WW 
boson pairs, and the leptonic decays of the W are ex- 
ploited through gluon-gluon fusion pp—^H^WW^*\ 

There are secondary modes that provide additional 
sensitivity. For intermediate masses around 135 GeV, 
all branching fractions are below 40%; however, pp 
-^WH -^WWW* -^e^i^ and pp^H^jj are used 
to strengthen the discovery potential. At the Teva- 
tron, the decay channel pp—^H—>Z Z^*^ does not signif- 
icantly contribute due to combination of lower branch- 
ing ratios for H^ZZ and Z^££ in addition to the ac- 
ceptance for four leptons. Though both Collaborations 



At low mass, the searches primarily focus on the dom- 
inant H~^bb decay, which leads to the presence of b 
jets for the signal. The sensitivity of the Higgs boson 
searches is significantly increased by using a lifetime- 
based heavy-flavor tagging algorithm (6-tagging) which 
computes a probability for a jet to be light-flavored 
based on the impact parameters of the tracks in the 
jet. Another method is based on secondary vertex re- 
construction. 

For instance, D0 combines in a neural network 
(NN) discriminant [3S| several kinematic variables sen- 
sitive to transversely-displaced jet vertices and jet tracks 
with large transverse impact parameters relative to 
the hard-scatter vertices. The NN is trained to iden- 
tify heavy-flavor quark decays and reject jets arising 
from light-flavor quarks or gluons. By adjusting the 
minimum requirement on the 6-tagging NN output, 
a spectrum of increasingly stringent 6-tagging operat- 
ing points is achieved, each with a different signal effi- 
ciency and purity. The analyses are usually separated 
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Fig. 8. Distributions of tlie Z\(;/>min(-^T,jets) (left), tlie minimum of tlie differences in azimuth between the direction of 
If J, and the direction of any jet, and of the dijet invariant mass of the two leading jets (right), in the analysis sample 
before fe-tagging for the D0 search in the pp^ZH~*vvbb channel using 2.1 fb~^ of data [46j . The various background 
contributions (SM and multijet) are shown. Distributions for a signal with a Higgs boson mass of 115 GeV are also shown, 
scaled as indicated. 



into those where two of the jets are ^-tagged with a 
loose tagging requirement and those where only one 
jet is tagged with a tight requirement. Typically, the 
6-tagging tight (loose) operating point is selected such 
that, for jets with pr of « 50 GeV, 0.5% (1.5%) of 
the light-flavored jets are tagged while the tagging ef- 
ficiency for fe-quarkjets is 50% (60%). 



4.3.2 Advanced analysis techniques: 



After kinematic selection and 6-tagging, the remaining 
backgrounds in a Higgs boson search would ideally be 
due solely to the associated production of a W or Z 
boson with a pair of b quarks. The Higgs boson would 
then appear as a bb resonance over a broad continuum. 
The significance of a Higgs boson signal is therefore 
directly related to the mass resolution of a system of 
two b quark jets, and thus to the jet energy resolution. 
The dijet mass is however not the only feature which 
allows discrimination between signal and background. 
Other, more subtle, differences in the kinematic prop- 
erties of the signal and the backgrounds can be used. 
Because no single variable provides sufficient discrim- 
inating power, advanced analysis techniques have to 
be used, such as neural networks or decision trees [37] . 
The matrix element approach, which makes full use 
of the event properties at leading order and in which 
there is already experience in the CDF and D0 Col- 
laborations, can also be introduced to enhance the dis- 
criminating power of, for example, a neural network. 
The performance of even the most elaborate multivari- 
ate analysis, however, critically depends on an accu- 
rate understanding of the characteristics of the signal 
and background processes. 



4.3.3 Standard model background understanding: 

One of the major goals of the searches is to first carry 
out a detailed assessment of the generators used for 
the simulation of those processes, by confronting them 
with measurements, which are becoming increasingly 
more precise as the datasets grow. 

Monte Carlo simulations, mostly based on fixed- 
order matrix elements, are used to extrapolate these 
measurements into the Higgs signal regions. In order to 
validate the whole analysis chain, the associated pro- 
duction of vector bosons, WZ aad ZZ, can be used. 
With WZ^ivbb and ZZ^lt/vvbb, the final states 
are actually almost identical to those considered in 
the search for the Higgs boson, up to the mass dif- 
ference between the Z boson and the Higgs boson. 
Observation of these reactions will therefore be among 
the main goals of the coming year, and their detailed 
analysis will pave the way for a definitive calibration 
of the Higgs boson searches, with a caveat that Z^bb 
branching fraction is a factor of 3 or less than the 
H^bb. The next-to-leading order (NLO) ZZ cross sec- 
tion at the Tevatron is 1.4 ± 0.1 pb j35J, an order of 
magnitude above some of the expected SM Higgs pro- 
duction cross sections. Additionally, this process forms 
an irreducible background to Higgs searches in the ZH 
channel. For instance, the CDF Collaboration recently 
submitted for publication the first measurement at a 
hadron collider of the cross section for Z boson pair 
production in the leptonic decay channels with a signif- 
icance of 4.4 standard deviations based on 1.9 fb^^ of 
data [3S]. The measured cross section is a{pp-^Z Z) = 
^■4:tol{stat. + syst.) pb. The D0 Collaboration also 
conducted such a measurement based on 2.2 fb^^ of 
data. Using the final state decay ZZ^ilvv , D0 ob- 
serves a signal with a lAa significance and measures a 
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Fig. 9. Distributions of the l^j, (top) and dijet invari- 
ant mass (bottom) in the signal region after requiring 2 
6-tagged jets for the CDF search in the pp—^ZH—*vi>bb 
channel using 1.7 fb~^ of data [17]. The expected Higgs 
signal at mn = 115 GeV is scaled as indicated. 



cross section a{pp-^Z Z) = 2.1 ± \.l{stat.) ±0.4(sys.) 
pb [39]. 



4.4 Associated production 

Associated VH production {V = Z) can be distin- 
guished from multijet and electroweak backgrounds by 
exploiting the leptons and/or the missing transverse 
energy in the final state. 



4.4.1 pp-^WH^tvhb: 

The final state from pp^WH production, where the 
W boson decays leptonically, provides an ideal trig- 
ger signature to collect as many of the produced Higgs 



bosons as possible. The most recent published WH 
searches have been performed with integrated lumi- 
nosities of 955 pb-i for CDF [40] and 440 pb^^ for 
D0 [H]. The latest updates with 1.9 fb'^ from CDF 
P] (winter 2008) and 1.7 fb"! from D0 gS] (sum- 
mer 2007) use similar search strategies. The high-p^ 
electron or muon is required to be isolated with Et 
(or pt) greater than 20 GeV and events with more 
than one isolated lepton are vetoed. Selected events 
must also display a significant missing transverse en- 
ergy > 20 GeV). QCD events with false W signa- 
tures are estimated with the data by computing the 
ratio of isolated to non-isolated leptons in a control 
region. Both CDF and D0 use neural-network dis- 
criminants to separate the signal from the SM back- 
ground events. As an illustration for these searches, 
Fig. [6] and Fig. [7] show some distributions of the fi- 
nal variables used by the CDF and D0 experiments 
for limit setting. The D0 search requires at least one 
tight ^-tagged jet or exactly two loose ^-tagged jets in 
the event, and two 6-tagged jets are required in the 
CDF search. At mjj = 115 GeV, the ratio between 
the expected (observed) cross section limit and the SM 
value is 8.2 (7.3) for CDF and 9.1 (11.1) for D0. 



4.4.2 pp^ZH^vvbh: 

Triggering on pp—>ZH—^vvhh is more challenging than 
on the charged leptons from W or Z decays. This is 
because only hadronic jets are visible in the final state, 
which makes it difficult to distinguish it from standard 
multijet production via the strong interaction. The dis- 
tinctive feature is the missing transverse energy carried 
by the neutrinos from the Z decay. However, standard 
multijet events can also exhibit missing transverse en- 
ergy due to fluctuations in the jet energy measurement 
by the calorimeter, or to semileptonic decay in heavy 
flavor jets. Complex topological triggers have there- 
fore been designed, combining measurements of jet en- 
ergies and directions, and missing transverse energy. 
The D0 Collaboration has published a result based on 
260 pb~i of data \Mi and the CDF Collaboration re- 
cently submitted for publication a search correspond- 
ing to an integrated luminosity of 1 fb~^ [45]. Both 
experiments updated these results for the winter 2008 
conferences with 2.1 fb~^ [46 and 1.7 fb~^ [17] of data 
for D0 and CDF, respectively. 

One of the largest backgrounds in the -^j^-l-jets 
channel involves heavy flavor multijet production. Al- 
though the probability for multijet events to create ar- 
tificial missing energy at a significant level is small, the 
huge cross section of multijet production renders this 
background overwhelming at the initial stages of the 
analysis. Currently, severe selection criteria are used 
(mainly > 50 GeV) in order to practically elim- 
inate that background, thus introducing substantial 
inefficiencies. The normalization and shape of multi- 
jet events are obtained from the data to take into ac- 
count all relevant instrumental effects and biases. This 
multijet control sample is extracted in the data sample 
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Fig. 10. Distributions of tiie dijet invariant mass in the 
signal region after requiring 2 fe-tagged jets for tlie CDF 
search in the pp^ZH^llbb channel using ~ 1 fb~^ of data 
[48) . A correction (MPDF) is applied to reassign missing 
energy to the jets since the dominant source of are 
jet energy mismeasurement. The expected Higgs signal at 
rriH = 115 GeV is scaled as indicated. 



where the is aligned with the second jet. The distri- 
butions of the minimum of the differences in azimuth 
between the direction of the l^j, and the direction of 
any jet, and the dijet invariant mass of the two lead- 
ing jets, are shown in Fig. [5] for the D0 experiment. 
It is seen that the combination of the multijet and SM 
background provides a good description of the data in 
the pre-tag sample. 

Advantage of the large branching fractions for 
bb is used by requiring the two leading jets to be b- 
tagged. Figure [9] shows the distributions of ]/]rp and 
dijet invariant mass for the CDF analysis after all se- 
lection requirements are imposed. In the case of VFiJ— > 
ivbb production where the primary lepton from the W 
boson decay falls outside of the detector acceptance 
and is not identified, the final state WH^f,vbb is the 
same as the ZH^vvbb. The WH^f.vbb events con- 
tribute to significantly enhance the ^^-p-l-jets analysis 
sensitivity. Finally, a boosted decision tree technique 
was used for the D0 search and a NN discriminant for 
the CDF search to calculate the cross section limit. 
For a 115 GeV Higgs boson mass and requiring two 
6-tagged jets in the event, the observed/expected hm- 
its on the cross section of combined ZH^vvbb and 
W H^f.vbb production are 8/8.3 (7.5/8.4) times larger 
than the SM value for CDF (D0). 



4.4.3 pp^ZH^Ubb: 

Searches for the Higgs boson from the process pp^ZH 
-^i£bb in both e+e~ and n~^lJ,~ channels have been 
carried out by CDF [48] and D0 f49l in 1 fb"! of 



Data 

Sum of Backgrounds 
Signal (m =115GeV/c^; 




10' = 



NN Output 



Fig. 11. Distributions of the neural net output variable 
after requiring 2 fe-tagged jets for the D0 search in the 
pp^ZH^libb channel using 1.1 fb"^ of data gS]. The 
total predicted background, data and expected Higgs signal 
at tuh = 115 GeV are shown. 



data. The D0 experiment has published a result based 
on 0.45 fb~^ [50]. These channels have a small back- 
ground of mostly Z+^ets events due to the require- 
ment of two leptons and a Z mass constraint, but suf- 
fer from a smaller Z branching fraction. To maintain 
signal efficiency and improve discrimination, the ex- 
periments employ neural networks trained to separate 
ZH events from the main Z+iets background and the 
kinematically different tt background. To improve sen- 
sitivity, the data are divided into single and double b- 
tagged channels (double 6-tagged only for CDF); the 
results are shown in Fig. (TU] and Fig. [TT] The expected 
(observed) limits from the data as a ratio compared 
to the expected SM cross section are 20.4 (17.8) for 
the DO analyses, and 16 (16) for the CDF search, at 
m„ ^ 115 GeV. 



4.4.4 pp^WH^WWW'^*'>-^£^e^: 

In the SM, the Higgs boson predominantly decays to 
a VFW^*-*' pair for Higgs masses above 135 GeV. Al- 
though the scenario WH^WWW'-*^ + X is 
not the most sensitive search for high masses, this 
process provides a unique experimental signature with 
two like-charge leptons from W decays. Furthermore, 
in some scenarios with anomalous couplings, such as 
fermiophobic Higgs models, the branching fraction to 
may be close to 100% for Higgs masses down 
to «100 GeV |5l,52;53 . The D0 Collaboration has 
searched for fermiophobic Higgs {hf) and published [51] 
results with 380 pb~^ in the ee channel, 370 pb~^ in 
the e/z channel, and 360 pb^^ in the /x/i channel, with 
the variations related primarily to different trigger re- 
quirements. Upper limits are set on a{pp^Whf) x 
Br{hf-^W+W-) between 3.2 and 2.8 pb for Higgs bo- 
son masses from 115 to 175 GeV at 95% C.L. Recently, 



Arnaud Duperrin 



Review of Searches for Higgs Bosons and BSM Physics at the Tevatron - Page 9 



D0 Run lib Preliminary 



e+e- L=1,2/fb 




20 40 60 80 100 120 140 

Missing [GeV] 



Fig. 12. Distributions of tlie opening angle Z\(;/>eie2 for the ee system (left) and l^j. for the fj,fi system (right) at 
pre-selection level for the D0 search in the pp-^H^WW^*^^lu£ v channel using 1.2 fb~^ of data [61]. The expected 
Higgs signal at niu = 160 GeV, the predicted background, and the data events are shown. 



Table 2. The numbers of signal events expected for a Higgs boson mass mn = 160 GeV, events expected from 
SM backgrounds, and data events observed, for the CDF experiment using 2.4 fb^^ of data 59 . The SM Higgs boson 
production and decay are assumed to be — > -ff ^ WW* l^l~uu, where — e, fi, or t. The final state e trk 
(fi trk) require an electron (a muon) and an additional track (trk). 



Category 


Higgs 


WW 


WZ 


ZZ 


tt 


DY 


Wj 


W^+jets 


Total 


Data 




{mn ^ 160 GeV) 




















e e 


1.7 


55.1 


6.4 


7.1 


3.6 


33.6 


33.6 


29.5 


169±14 


171 


e ^ 


3.8 


131.7 


3.9 


0.4 


8.7 


27.4 


29.4 


34.1 


235±21 


240 


fi M 


1.6 


43.4 


4.9 


5.8 


3.3 


23.1 


0.0 


5.2 


86±8 


83 


e trk 


1.6 


45.5 


3.1 


2.9 


3.3 


13.1 


8.0 


13.3 


89±7 


107 


H trk 


1.0 


24.8 


2.0 


2.0 


1.9 


7.1 


1.5 


7.9 


47±4 


60 


Total 


9.5 


300.3 


20.6 


18.2 


20.8 


104.0 


72.3 


90.0 


626±54 


661 



CDF presented a preliminary result using 1.9 fb^^ of 
data [55J. This search expects 0.46 (0.19) event for 
a fermiophobic Higgs boson mass of 110 (160) GeV, 
assuming SM production cross section. The expected 
background is 3.23 ± 0.69 events, while 3 events are 
observed in the data. From these results, CDF sets 
limits of 2.2 pb for ruhf = 110 GeV and 1.4 pb for 
= 160 GeV at 95% C.L. 

For these searches, the main physics background is 
WZ ^ivU production. The irreducible physics back- 
ground, which comes from non-resonant WWW triple 
vector boson production has a very low cross section 
(as does tt). As the channel involves two neutrinos in 
the final state, the reconstruction of the Higgs mass is 
not feasible and the potential Higgs signal appears as 
an excess in the number of observed events with two 
like-charge leptons over the predicted SM background. 
In the absence of such an excess, upper cross section 
limits are set by the CDF [55] (D0 [56]) search with 
1.9 (1.1) fb^i of about 33 (20) times above the SM 
Higgs boson cross section at mn = 160 GeV. 



4.5 Gluon fusion 

The largest production cross section for the whole Higgs 
mass range of interest is the gluon fusion process due 
to the large top Yukawa couplings and the gluon den- 
sities. At the Tevatron, however, the gluon fusion pro- 
cess becomes relevant with a clear experimental sig- 
nature only at high mass {ruH ~ 160 GeV), where 
the branching fraction is mainly into WW boson pairs 
leading to a favorable final state with two leptons and 
two neutrinos. At low mass {mn ^ 135 GeV), due to 
the large branching fraction of the Higgs boson into 
&&, the gluon fusion Higgs production mode cannot be 
disentangled from the multijet background. 

4.5.1 pP^H^WW^*"!: 

At the Tevatron, the decay mode pp^H ^WW'^*^ pro- 
vides the largest sensitivity for the SM Higgs boson 
search at a Higgs boson mass of mn ~ 160 GeV. Up- 
per limits on the cross section times branching fraction 
in the leptonic decay modes H^WW*^££ {£,£ = 
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Fig. 13. Neural network template used as a final 
discriminant to search for the SM Higgs boson in the 
pp^H^WW^*^ ^ivl V decay channel using 2.4 fb~^ of 
CDF data [5^. The signal is shown for mn = 160 GeV. 
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Fig. 14. Final variable distributions (diphoton invariant 
mass) for the D0 Higgs search analysis in pp^_ff— >77 final 
state using 2.3 fb~^ of Run II data [BH]- The total predicted 
background, observed number of event and expected Higgs 
signal at vtih ~ 115 GeV are shown. 



e, /z, r) from previous Run Ila data have already been 
published by the CDF (D0) Collaboration with 360 
pb~^ [57] (325 pb~^ I5H])- The most recent data avail- 
able from Run lib have been recently analyzed and 
preliminary results have been presented by CDF [59] 
and D0 [5D1ICT] using 2.4 fb"! and 2.3 fb"! of data, 
respectively. In all final states, two isolated leptons of 
opposite sign originating from the same primary vertex 
are required. The background is dominated by Z/j* 
and multijet events in which the leptons are typically 
back-to-back. It is therefore suppressed by requiring 
some missing transverse energy and with a cut on the 
opening angle which is smaller for the signal than 
for the background due to the spin-correlation between 
the final state leptons in the decay of the spin-0 Higgs 
boson. Figure fT2l shows the A(j)u and the $!rp distribu- 
tions at pre-selection level for the D0 search. 

After final selection, the CDF search finds 661 can- 
didates with an expectation of 626 ± 54 background 
events and 9.5 signal events for a SM Higgs at niH — 
160 GeV. Table [2] provides a detailed breakdown of 
the signal and background contributions in each final 
state. The presence of neutrinos in the final state pre- 
vents reconstruction of the Higgs boson mass. In order 
to maximize the signal sensitivity, a combined matrix 
element method and neural network approach are uti- 
lized to distinguish signal from background processes. 
An example of neural network template is shown in 
Fig. [13] for niH = 160 GeV. The median expected 
95% C.L. hmit at a Higgs mass of 160 GeV is 2.5tJ;? 
times the SM prediction at NNLL, while the observed 
limit is 1.6 times the SM prediction. To improve the 
separation of signal from backgrounds, a neural net- 
work is also used for the D0 search in each of the 
three di-lepton channels. The D0 expected and ob- 
served upper limits relative to the SM Higgs boson 



cross section prediction are 2.4 and 2.1, respectively, 
for mff = 160 GeV. 



4.5.2 pp— s-iJ— >77: 



In the SM, the diphoton decay of the Higgs boson are 
suppressed at tree level and the branching fraction for 
this decay is 0.22% for a 130 GeV Higgs boson mass. 
However, in some models beyond the SM, this decay 
can be enhanced significantly; some examples can be 
found in Refs. [5ni52[|53] and section [6] of this review. 
The D0 experiment has recently submitted for publi- 
cation a search for a narrow resonance decaying into 
two photons using 1.1 fb~^ of data 162]. This result has 
been updated with 2.3 fb^^ [63, and the SM Higgs is 
used as a possible signal model to set upper limits on 
the production cross section times branching fraction 
(i/-^77) for different assumed Higgs bosons masses. 
There are three major sources of background. The first 
source comes from Drell-Yan events where both elec- 
trons are misidentified as photons due to tracking in- 
efficiencies, and is estimated with Monte Carlo simu- 
lations. The second source is from direct QED diphoton 
events and is also estimated using simulation. Finally, 
the background from 7-l-jet and jet-|-jet events, where 
the jets are mis-identified as photons, is obtained from 
data. 

The invariant mass of the two photon candidates 
in the interval 50 GeV < m^^ < 250 GeV, shown in 
Fig. 1141 is used as input to the limit setting program. 
This search contributes to improve the global sensitiv- 
ity in the difficult region around niH ~ 130 GeV, with 
a, a X Br ratio to SM of about 45. 
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Fig. 15. The new Tevatron combination [66) presented at the winter 2008 conferences showing the upper bound on 
the SM Ifiggs boson cross section as a function of the Higgs boson mass. The contributing production processes include 
associated production (WH Ivhh, ZH ll/vvhh, WH WW+W-) or gluon fusion (H W+W-, H^jj) or 
vector boson fusion, and H-^tt produced in several modes. The limits at 95% confidence level (C.L.) are shown as a 
multiple of the SM cross section. The solid curve shows the observed upper bound, while the dashed curves show the 
expected upper bounds assuming no signal is present. Analyses are conducted with integrated luminosities ranging from 
1.0 fb~^ to 2.4 fb~^ recorded by each experiment. The bands indicate the 68% and 95% probability regions where the 
limits can fluctuate in the absence of signal. The expected upper limits obtained from the CDF and D0 experiments 
are also shown. The region excluded by the LEP experiments is also shown [20] . 



4.6 H + X^T+T- + 2 jets 

The CDF Collaboration recently conducted a search 
with about 2 fb~^ of data using the r decay mode of 
the Higgs boson [64] . Several processes are considered: 
Higgs production in association with a vector boson 
{W/Z)^ in which the vector boson decays into 2 jets 
{Br are 67/70% for W/Z)^ vector boson fusion produc- 
tion in which the 2 jets coming from the proton and 
antiproton tend to have a large rapidity value and, fi- 
nally, gluon fusion production. The analysis requires 
at least 2 jets, one hadronic tau with pT > 15 GeV 
and one leptonic tau identified as an isolated central 
electron (or muon) with pT > 10 GeV. In this analysis, 
the final variable for setting limits is a combination of 
several neural network discriminants. 



The expected (observed) sensitivity is roughly about 
50% (30-40%) compared to that of searches for as- 
sociated Higgs production. The expected cross sec- 
tion limit is 24 times the SM cross section for mn — 
120 GeV. Combined with all other analyses, this result 
improves the global low mass Higgs search sensitivity. 



4.7 Combined upper limits 

All individual channels of both Tevatron experiments 
are combined to maximize the sensitivity to the Higgs 
boson. The combination of D0 results based on 0.44 
fb~^ of data has been published [41]. 

All new results included in this review have been 
used for the combination presented at the winter 2008 
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Fig. 16. Expected 95% C.L. cross section ratios for the individual W H / ZH / H,H^hb/^^ /W'^W' analyses in the 
100 GeV <mH < 200 GeV mass range for D0 alone using 1.1-2.3 fb"^ of data [M]- 



conferences. These results have an improved sensitiv- 
ity compared to the previous Tevatron combination 
presented in December 2007 [65]. The new Tevatron 
combination (21 April 2008, see Ref. (6^) includes all 
results from searches for a SM Higgs boson produced 
in association with vector bosons {pp WH ivhh, 
pp ^ ZH ^ uvhh, pp ^ ZH ^ Ml and pp ~^WH 
— *■ WWW* I'^i^) or through gluon-gluon fusion 
{pP'^H-^WW''*^ and pp^H^^j) or vector boson fu- 
sion, and H^TT produced in several modes, in data 
corresponding to integrated luminosities ranging from 
1.0-2.4 fb-i at CDF [67] and 1.1-2.3 fb"! at D0 gS]. 
This is the first time that searches for Higgs bosons de- 
caying to two photons or two tau leptons are included 
in the combination. 



events. For all channels, the LLR values per bin are 
added in order to use the shape information of the fi- 
nal discriminating variable and to combine the differ- 
ent channels. In addition, the CLg method has been 
extended to involve a fit of the nuisance parameters 
for each event, which maximizes the sensitivity in the 
context of large background, small signals and large 
uncertainties [70]. Both CLg and Bayesian methods 
use Poisson likelihoods and agree within ^ 10%. They 
rely on distributions of the final discriminants like NN 
output, matrix- element likelihoods, or dijet mass and 
not only on the event counting. The uncertainty on the 
expected number of events as well as the shape of the 
discriminant variables are included in the systematic 
uncertainties. 



4.7.1 Method used for the combination 

To simplify their combination, the searches are sepa- 
rated into twenty nine mutually exclusive final states 
(thirteen for CDF, sixteen for D0). In addition, sev- 
eral types of combinations are performed using the 
Bayesian [67] and Modified Frequentist [69] approaches 
to check that the final result does not depend on the 
details of the statistical method used for the combina- 
tion. The Modified Frequentist approach is sometimes 
called the LEP CLg method, which is based on the 
log-likelihood ratio {LLR) test statistic 

LLR{n) = -21n(g), 

Q = Lis + h)/L{h) = ^ ^+^/^J^_ 

where s and 6 are the expected numbers of signal 
and background events while n is the number of data 



4.7.2 Systematic uncertainties 

The correlations of systematic uncertainties between 
channels, rates and shapes, signals and backgrounds, 
within and between experiments are considered. Many 
sources are measured using data. Sometimes they are 
large but correspond to backgrounds with small contri- 
bution. Furthermore, the uncertainties are constrained 
by fits to the nuisance parameters and do not neces- 
sarily affect the result significantly. 

The following dominant sources of systematic un- 
certainties are taken into account in deriving the fi- 
nal results. Each experiment has a luminosity uncer- 
tainty of ~6%, of which kA% is correlated. Depend- 
ing on the channel, the range of uncertainties from SM 
cross sections used to normalize the simulation vary 
between 4% and 20%. The uncertainty needed to de- 
scribe heavy flavor (HF) fractions in W/Z+iets and 
the effect of the NLQ HF cross section normalisation 
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are evaluated to be 20%-50%, depending on how the 
background is estimated, from data or simulation. The 
scale factor used to adjust the 6-tagging efficiencies 
in the simulation results in 4%-25% uncertainties, de- 
pending on the number of tagged jets required. The 
uncertainty from the jet energy scale ranges between 
1% and 20%, depending on the background process. 
The uncertainties resulting from the modelling of QCD 
multijet background are dominated by statistics in the 
samples from which the estimates are derived and can 
reach 30%. The uncertainties from lepton identifica- 
tion and reconstruction efhciencies ranges from negli- 
gible to 13%. Finally, the uncertainty from the trigger 
efficiency is less than 5%. 

4.7.3 Combined results 

The cross section limits on SM Higgs boson production 
a X Br{H — > X) obtained by combining CDF and D0 
results with up to 2.4 fb~^ of data [SB] are displayed 
in Fig. [151 The result is normalized to the SM cross sec- 
tion, where a value of one would indicate a Higgs mass 
excluded at 95% C.L. The observed (expected) upper 
limits are a factor of 3.7 (3.3) higher than the expected 
SM Higgs boson cross section at mn — 115 GeV and 
1.1 (1.6) at ruH = 160 GeV. 

The combined CDF and D0 result represents a 
40% improvement in expected sensitivity over each sin- 
gle experiment. The observed (expected) limits on the 
SM ratios are 5.0 (4.5) for CDF and 6.4 (5.5) for D0 at 
niH = 115 GeV, and 1.6 (2.6) for CDF and 2.2 (2.4) 
for D0 at mn = 160 GeV. The sensitivity of each in- 
dividual analysis from D0 alone is given in Fig. [TBI 
As shown in this figure, the associated production and 
gluon fusion processes play an important complemen- 
tary role to improve the sensitivity for the intermediate 
mass region around mu = 135 GeV, which is the most 
difficult mass to probe at Tevatron. 

4.8 SM Higgs boson prospects 

It is expected that the sensitivity needed to reach a 
95% C.L. limit exclusion, at a mass mn ~ 160 GeV, 
will be reached by the end of 2008 by the combined 
Tevatron experiments. 

Since the ffi'st CDF and D0 combination in 2006, a 
lot of progress has been made, resulting in better sensi- 
tivity in all channels [i.e., neural network &-tagger, im- 
proved selections, matrix-element techniques). Many 
of these improvements led to an equivalent gain of 
more than twice the luminosity, which means that the 
sensitivity has progressed faster than one would expect 
from the square root of the luminosity gained. 

Recent projections in sensitivity have been made 
based on achievable improvements of the current anal- 
yses. These include progress on the existing improved 
lepton identification efficiency, heavy-flavor taggers and 
6-tagging enhancement from the D0 layer LO, upgraded 
trigger acceptance, increased usage of advanced anal- 
ysis techniques, jet resolution optimization, reduced 
systematics, and inclusion of additional channels. 




[GeV] 



Fig. 17. MSSM Higgs boson production cross section as 
function of ra^ [cj> = h, H, A) for various production modes 
at tan/3 = 40 in the m™"'' scenario [2T] . 



With the Tevatron running well, up to « 6 SM Higgs 
bosons events per day are produced per experiment, 
and the CDF and D0 Collaborations constantly im- 
prove their ability to find them. Combining CDF and 
D0, about 4 fb~^ could be sufficient to exclude the SM 
Higgs boson for tuh = 115 GeV and mu = 160 GeV 
at 95% C.L. Assuming 7 fb~^ of data analyzed by the 
end of the Tevatron running, all SM Higgs boson masses 
-except for the real mass value- could be excluded at 
95% C.L. up to 180 GeV. 

5 Higgs bosons in the MSSM 

In the minimal supersymmetric extension of the stan- 
dard model, two Higgs doublets are necessary to cancel 
triangular anomalies and to provide masses to all par- 
ticles. After electroweak symmetry breaking, the MSSM 
predicts 5 Higgs bosons. Three are neutral bosons: /i, 
H (scalar) and A (pseudo-scalar) , and two are charged 
bosons: and H~ . 

An important prediction of the MSSM is the theo- 
retical upper limit ruh ^ 135 GeV on the mass of the 
lightest Higgs boson once the radiative loop correc- 
tions have been taken into account [Till 72 j . All other 
relations between the Higgs masses and coupling are 
also significantly modified by the radiative corrections, 
which are dominated by the top- and stop-loop contri- 
butions [7T[F75] . For large masses of the pseudo-scalar 
boson A, the light scalar Higgs becomes SM-like. The 
main difference between the MSSM Higgs bosons and the 
SM Higgs boson is the enhancement of the production 
cross section by a factor proportional to tan^ (3, where 
tan/3 — vijvx is the ratio of the vacuum expectation 
values associated with the two neutral components of 
the scalar Higgs fields. In contrast to the SM Higgs bo- 
son, the widths of the MSSM Higgs bosons do not exceed 
several tens of GeV in most of the scenarios. 
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Fig. 18. Scan of the lightest Higgs boson mass versus Ax 
derived from precision electroweak measurements in the 
context of a constrained MSSM model. The band around the 
Ax^ curve represents the total theoretical uncertainty from 
unknown higher-order corrections and the dark shaded 
area on the right is theoretically inaccessible. The top mass 
mt = 170.9 ± 1.8 was used for this analysis [78] . 



At tree level, only the mass tua and tan (3 are nec- 
essary to parameterize the Higgs sector in the MSSM. 
For tan (3 > I, decays of h and A to bb and t~^t~ pairs 
are dominant with branching fraction of about 90% 
and 8%, respectively. Although the branching fraction 
into r's is much smaller than the branching fraction 
into 6's, the r mode results in a much cleaner signa- 
ture than the b mode, as the latter suffers from a huge 
heavy-flavor multijet background which is poorly mod- 
eled by simulation. 

Although most of the experimental searches at Teva- 
tron assume CP conservation (CPC) in the MSSM sec- 
tor, CP-violating (CPV) effects can lead to sizable dif- 
ferences for the production and decay properties of 
the Higgs bosons compared to the CPC scenario [71] . 
An observation of a new CPV mechanism may yield 
insight into the observed abundance of matter over 
anti-matter in the universe. 



5.1 Search strategy 

At the Tevatron, CP invariance is assumed for the 
searches. Both experiments have presented results on 
searches for neutral Higgs bosons in the two most promis- 
ing final states: 



pp^bb(t){h/H/A)^bbbb, 
pp^(j){h/H/A)^T+T-. 



(1) 

(2) 



The first process ([TJ_ corresponds to a neutral Higgs 
boson decaying into bb and produced in association 
with bottom quarks. The fourth b is not required in 
the search, since a large fraction of the cross section 
produces a 6-jet that does not pass the jet Et thresh- 
old. The second topology investigated at the Tevatron 



■h 

■h 




9 ^UW^->— h 



Fig. 19. Feynman diagrams contributing to the LO gg 
bbh and qq — > bbh MSSM Higgs boson production in associ- 
ation with bottom quarks. 



is the gluon fusion process ([2]) where only the r+r~ 
mode is promising due to the overwhelming bb back- 
ground. 

The search strategy for charged MSSM Higgs bosons 
depends on their mass. For masses < mt — mi,, 

the charged Higgs can be produced in the decay of 
the top quark t^bH^ , which, in addition to the SM 
t^bW'^ decay, leads to the relevant production mode 
at the Tevatron: 

pp-*tt^bH+bW- . 

The charged Higgs may decay to a variety of channels, 
with if"*"— >r"'"^'^- dominating for large values of tan/3. 
For values of the charged Higgs mass larger than the 
top mass, the dominant mode is charged Higgs pro- 
duction in association with a top and a bottom quark. 



5.2 Benchmark scenarios 

The choice of mechanism for mediating SUSY breaking 
and of the soft SUSY breaking terms governs the main 
phenomenological features of SUSY models. However, 
more than one hundred free parameters remain in the 
MSSM, rendering a complete scan virtually impossible. 
Several benchmark scenarios with simplifying assump- 
tions have been therefore developed to interpret the 
experimental results. 

The preliminary limits from CDF and D0 are avail- 
able in the (tan/3,m^) plane and are usually summa- 
rized for two SUSY scenarios [75]. The m™"^ scenario 
is designed to maximize the allowed values of mh and 
therefore yields conservative exclusion limits. The no- 
mixing scenario differs by the value (set to zero) of the 
parameter Xt which controls the mixing in the stop 
sector, and hence leads to better limits. 

Moreover, if one demands that the values of the 
bottom and t Yukawa couplings remain in the per- 
turbative regime up to energies of the order of the 
unification scale, the region tan /? ^ 50 in the MSSM 
is theoretically disfavoured [H] . In recent studies [75] , 
negative values of the Higgsino mass parameter (/i) are 
also disfavoured. 

The MSSM Higgs production cross section is shown 
in Fig.[T7]for tan /3 = 40 in the m™"^ scenario. At large 
tan /?, the pseudoscalar A boson becomes degenerate 
with either the light (h) or heavy (H) scalar bosons 
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Fig. 20. Invariant mass for the high-mass likehhood re- 
gion for the exclusive three-jet sample used to search for 
pp^h4>{h/H/A)^bhh + X in 1 fb^i of D0 data [Sg. The 
data are compared to the sum of total background pro- 
cesses (solid line) after all selections. The shaded region 
represents the heavy flavor component {bbb,bbc, ccb). The 
ratio between the data and the total background expecta- 
tion is also shown. 
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Fig. 21. D0 observed and expected 95% C.L. limits on 
tan/3 as a function of tua using 1 fb-i of data [85], as- 
suming tan'^ /3 cross section enhancement. The effect of the 
Eliggs width is included. The results are given for two sce- 
narios: m™"^ with fi — —200 GeV, and no-mixing with 
/i = -1-200 GeV. The width of 4> is larger than 70% above 
tan/3 = 100 in the m^r""" scenario with fj. = -200 GeV. 
The exclusions from LEP are also displayed [77] . 



and the bottom-Higgs coupling is enhanced. A pro- 
duction cross section in the 10 pb range for the {bb)(j) 
process is expected and could be observed at Tevatron. 

Direct searches at LEP have placed lower mass lim- 
its on both the hghtest scalar and pseudoscalar Higgs 
bosons at mh,A > 93 GeV at 95% C.L. [77] . 

Similarly to the statistical analysis of precision elec- 
troweak measurements for the SM Higgs boson [TS], a 
fit is performed in the context of a constrained MSSM 
model ^78j. The result is given in Fig. [18] as a one pa- 
rameter scan in the lightest Higgs boson mass. The 
predicted value mh — HOl^o {^xp.) ± 3 (theo.) GeV 
agrees with the direct experimental lower limit from 
LEP of 114.4 GeV [20] and the upper theoretical bound. 

5.3 MSSM neutral Higgs bosons 

5.3.1 pp^b(j){h/H/A)^hhh + X 

At tree level (see Fig. [19]), the cross section [2T]|79il80] 
for production of MSSM neutral Higgs bosons in associ- 
ation with bottom quarks is almost entirely dominated 
by the process gg-^hhh^ with only a small contribution 
from qq^bbh. 

A search for pp^b(f){h/H/A)^bbb + X has been 
previously published by D0 based on 260 pb~^ [8T] . 
The results have been updated with 880 pb~^ by the 
D0 Collaboration [Sg and 980 ph~^ by the CDF Col- 
laboration [53]. For the winter 2008 conferences, CDF 
has presented a result with 1.9 fb~^ of data [84j. The 
D0 Collaboration has just released for publication an 
improved analysis based on 1 fb~^ of data [85 . 

In this analysis, CDF and D0 search for an event 
signature of at least three b-jets with pT greater than 



15 GeV. The events are triggered by using silicon track- 
ing and jet requirements. The dijet mass spectrum of 
the two leading jets is used to separate the Higgs signal 
from background events. 

A combination of data and simulation is used to 
model the background shape. The background in the 
three-tag sample is essentially all QCD heavy flavor mul- 
tijet production. The sample consists of a mix of events: 
at least two real 6-jets with the additional tagged jet 
being any of a mistagged light jet (« 30% are bbj 
events where j denotes a ligjit parton: u, d, s quark or 
gluon), a c-tag (« 20% are bbc+bcc events), or another 
6-jet (sa 50% are bbb events). In the three-jet sample, 
the double &-tagged events are found to be predom- 
inantly made of two real 6-jets. This data sample of 
two 6-tagged jets is exploited to predict the expected 
triple 6-tagged background shape. Both CDF and D0 
use only the shape, and not the normalization, of the 
final discriminating variable. 

All Higgs signal events are simulated using the lead- 
ing order PYTHIA [28| event generator. The cross sec- 
tion is corrected using next-to-leading order calcula- 
tions from MCFM [35] for the Higgs-f& process. In 
addition, D0 corrects the signal acceptance to NLO. 
Weights obtained with MCFM are applied to the sig- 
nal samples as function of pT and t] of the leading 6-jet 
which is not from the decay of the Higgs boson. 

A likelihood discriminant (D) based on six kine- 
matical variables built from the two leading jet-pair 
combinations is used by the D0 search to separate the 
signal from the background. The invariant mass distri- 
bution for the exclusive three-tag sample is shown in 
Fig.[20]for the high-mass optimized likelihood cuts. To 
further increase the sensitivity, the analysis is also op- 
timized in the four-jet and five-jet exclusive samples. 
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The CDF search uses a binned maximum-likehhood fit 
of two-dimensional templates in the mass of the two 
leading jets versus a variable sensitive to the flavor of 
the jet (based on the mass of the tracks forming the 
displaced vertex in the jets). The event selection effi- 
ciency varies as a function of the mass of the Higgs 
boson and is typically below 1%. 

The results have been interpreted in the context 
of MSSM models since no significant excess has been 
observed. Limits are placed on tan/? versus the pseu- 
doscalar mass niA- The D0 and CDF exclusion con- 
tours, shown in Fig. [21] and Fig. [22l respectively, are 
based on the following approximate formula [86j : 

a{bbA) X BR((/) ^ hi) = 



jSM 



where a{hbA)sM denotes the value of the correspond- 
ing SM Higgs boson production cross section for a Higgs 
boson mass equal to m^. The dependence of the exclu- 
sion bounds in the (tan (3,mA) plane on the parameters 
entering through the most relevant supersymmetric ra- 
diative corrections has been investigated. The loop ef- 
fects, incorporated into the A\, parameter in the for- 
mula above, are discussed in Ref. [5T]. The bottom line 
is that their inclusion can enhance the cross section by 
« tan^ /3 depending upon the MSSM scenario and signif- 
icantly modify the bounds obtained. Negative values 
of jjL will result in stronger limits on tan/3 since the 
Ab parameter is proportional to the product of tan/3 
and /i. In addition, CDF and D0 take into account 
the effect of the Higgs boson width which is calculated 
with FEYNHIGGS [72] and included in the simulation 
as a function of the mass and tan [3 by convoluting a 
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Fig. 22. The MSSM exclusion limit at 95% C.L. obtained by 
the CDF experiment with 1.9 fb~^ of data on searches for 
neutral Higgs bosons produced in association with bottom 
quarks and decaying into bb, projected onto the (tan/3,mA) 
plane assuming standard model cross section times branch- 
ing fraction (90%) with tan^ /3 enhancement [84]. The er- Fig^_23 
ror bands indicate the ilcr and ±2(t range of the expected 
limit. 
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Partially reconstructed ditau mass (M„i3 = 
from the CDF search for neutral MSSM 
final state using 



Higgs boson production in the t^t 
1.8 fb~^ of data [90] . Data (points with error bars) and ex- 
pected backgrounds (filled histogram) are compared. The 
expected contribution from a signal at niA ~ 140 GeV is 
shown. 



relativistic Breit-Wigner function with the NLD cross 
section. Currently the interpretation of these results 
within the MSSM framework is carried out using the 
program feynhiggs. The cross section of feynhiggs 
are based on a rescaling of the SM cross section by the 
corresponding MSSM factors of the Yukawa couplings. 
In future version of these analyses, comparisons with 
exact NLO calculations of the MSSM cross section for 
gg^ Higgs should be considered using, for instance, 
the HIGLU program [87] . 

In the m™"^ scenario with /x negative, the enhanced 
production through loop effects allows exclusion of tan f3 
values greater than 60-100 over the mass range 90- 
210 GeV for niA- 

The observed limits are within 2 standard devia- 
tions of the expectations over the mass region from 90 
to 210 GeV, with the largest excess occurring around 
160 GeV and 180 GeV in the CDF and D0 Collabo- 
ration searches, respectively. 



5.3.2 pp~>(j){h/H/A)^T+T- 

The channels with r+r^ final states have smaller sig- 
nal branching fractions, but the searches do not suffer 
from the large multijet backgrounds that affect 0— >-66. 
In addition, compensations between large corrections 
in the Higgs production and decay reduce the impact 
of radiative corrections [21j . 

The published Run II CDF [55] (D0 [55]) results 
use 310 (348) pb"! of data. The CDF Collaboration 
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Fig. 24. MSSM neutral Higgs boson preliminary results in 
t\iepp^<t>{h/H/A)'^T+T' channels using 1.8 fb"^ of CDF 
data . The excluded regions in the (tan /3,mA) plane are 
shown for ^ > 0. The Tevatron excluded domains in the 
j^maa: no-mixing scenario are similar. Also shown are 
the regions excluded by LEP for these two scenarios [92] . 



Fig. 25. D0 MSSM exclusion limits at 95% C.L. obtained 
with 1 fb~^ of data on searches for neutral MSSM Higgs 
bosons decaying to tau pairs [9Tj. The {taxi I3,ra a) plane is 
shown for the no-mixing scenario. The excluded region at 
LEP is also represented [77] . 



has recently released a new preliminary analysis with 
1.8 fb"i [90]. The D0 Collaboration has just submit- 
ted for publication the result corresponding to 1 fb~^ 
of data 91]. 

Both CDF and D0 searches for inclusive produc- 
tion of neutral MSSM Higgs bosons are performed in 
three final states: r^Th, T^^Th, and Tgr^, where Tg, r^t, 
and T/i are notations which stand for r— > evei^r, t-^ 
fj.Vfj^i'r, and T—> hadrons Vt, respectively. The decay 
products in t/j appear as narrow jets with low track 
and TT^ multiplicity. The dominant and irreducible back- 
ground in the final sample of selected events is from 
Z/j* production with subsequent decays to t pairs. 
Other sources of backgrounds are VF-|-jets, di-bosons, 
and fake jets. The D0 search uses neural networks to 
improve tau lepton identification. These neural net- 
works make use of input variables that exploit the tau 
signature such as longitudinal and transverse shower 
shapes and isolation in the calorimeter and the tracker. 

The CDF search probes for a possible Higgs signal 
by using a binned likelihood ratio of the partially re- 
constructed mass of the ditau system (nivis), defined 
as the invariant mass of the visible tau decay prod- 
ucts and the $lrp. Figure [231 shows m^is in the r+r" 
final state based on 1.8 fb~^ of data collected by the 
CDF experiment. Since the data are consistent with 
a background only observation, limits are derived on 
the cross section for Higgs boson production times the 
branching fraction into tau leptons. The background 
contributions are allowed to float within limits set by 
Gaussian constraints corresponding to the systematic 
uncertainties. The corresponding excluded regions in 
the (tan/3, to^) plane are shown in Fig. [24] for the case 



fi > 0. The dependence of the tan f3 bounds on the sign 
of fj, can be as large as A tan /3 ^ 30 for the m™°^ sce- 
nario, while in the case of the no-mixing scenario its 
effect is smaller, of the order of Z\tan/3 ~ 10 [21]. The 
cross sections are taken from ^SS^ and are obtained 
from SM calculations and scaling factors ctmssm/csm ac- 
counting for the modified Higgs couplings. 

The D0 search based on 1 fb""'^ of data exploits 
the full myis spectrum for the likelihood ratio limit 
calculation. Limits on tan /3 as a function of mA are 
derived for the m™'*^ and no-mixing scenarios, where 
only positive values of fj, are considered. The result 
corresponding to the no-mixing scenario is represented 
in Fig. [25] A sensitivity of tan/3 « 50 for below 
180 GeV is obtained. The difference between the ob- 
served and expected limits are within two standard 
deviations or slightly above for > 250 GeV. It is 
mainly caused by a data excess in the /ir^ channel for 
ruyis > 160 GeV. The distributions of rriyis in the three 
final states are shown in Fig. [55] 

The combination of the LEP and Tevatron searches 
for neutral Higgs bosons is expected to probe vast 
regions of the (tan/3,TOA) plane by the end of the 
Run II. In the no-mixing scenario shown in Fig. [Ml and 
Fig. [25] the lower limits on tan /3 obtained at LEP [92] 
will slightly increase because of the assumed top mass 
mt = 174.3 GeV, which is higher than the currently 
measured value = 172.6 ± 1.4 GeV [16]. The Teva- 
tron results are not sensitive to the precise value of the 
top mass. The upper limits will also extend with the 
growing data samples, together with the improvement 
of the CDF and D0 searches. The projected sensitivity 
on the excluded domain would potentially allow exclu- 
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Fig. 26. D0 visible mass (m„is) distributions used to search for neutral MSSM Higgs bosons decaying to tau pairs in 
the (a) /iTh, (b) er;,, and (c) channels with 1 fb~^ of data [91]. The signal (f>-^T^T~ corresponds to m<^ = 160 GeV 
and is normalized to a cross section of 3 pb. The highest bin includes the overflow. 



sion of tan /3 > 20 for values of niA up to few hundred 
GeV. 



5.4 Charged Higgs bosons 

5.4.1 t^bH+ 

At the Tevatron, direct production of single charged 
Higgs bosons is expected to have negligible rate, and 
the direct production of H~^H~ via the weak interac- 
tion is expected to have a relatively small cross sec- 
tion, on the order of 0.1 pb [73]. However, more signif- 
icant production could be obtained in the decay of the 
top quark t^bH^, which would compete with the SM 
process t—^bW^. The only recent search for t^bH~^ 
at Run H is from the CDF Collaboration, which has 
published a result based on 193 pb~^ of data [HS]. The 
CDF search excludes the top quark branching fraction 
to a charged Higgs boson and 6-quark BR{t^H^b) > 
0.4 at 95% C.L. in the region 80 GcV < m^i < 
160 GeV, assuming BR{H+^T+Vr) = 1- Another 
search, interpreted in the context of the MSSM model, 
was for anomalous production of high transverse mo- 
mentum tau leptons in the decay products of pair- 
produced top quarks using 335 pb~^ of data taken with 
the CDF detector in Run H [94]. An upper limit on 
BR{t^H+b) > 0.34 at 95% C.L. is set for a charged 
Higgs mass of 120 GeV. 



5.4.2 Doubly charged Higgs bosons 

Doubly charged Higgs bosons are predicted in 

many scenarios, such as left-right symmetric models 
[95] , Higgs triplet models and little Higgs models [96] 
HZ]. 

Limits on doubly charged Higgs bosons have been 
published in the ee, e/z, and /i/i channels by the CDF [98] 
(D0 |99j) experiment based on 240 pb~i (113 ph'^) 
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Fig. 27. Cross section limit as a function of the dou- 
bly charged Higgs mass M[j±± at the 95% C.L. in the 
fi'^ fi'^ li~ fj.~ final state using 1 fb~^ of data collected by 
the D0 detector at Run II [lOlj . The mass regions ex- 
cluded by CDF 198j and LEP [102] are also shown. The 
±la uncertainty on the expected limit is represented by 
the band. 



of data collected at Tevatron Run II. The search for 
pp^H^^ H^^ -^£~^T^£~T~ final states has also been 
performed by CDF [100] with 350 pb'^. The D0 CoL 
laboration has recently submitted for publication a 
search for in the final state using 

1 fb~^ of data |101j . and sets lower bounds for right- 
and left-handed (i?^^) bosons at 126 GeV and 
150 GcV, respectively, at 95% C.L. This result is shown 
in Fig. [13 In addition, CDF has published [TOS] with 
292 pb~^ of data the case where the doubly charged 
Higgs boson lifetime is long (> 3 m), such that it de- 
cays outside the detector. The lower mass bound on 
long-lived doubly charged and bosons are 
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Fig. 28. Distribution of two-body invariant mass for 777+ 
X events observed in 0.83 fb~^ of D0 data along with 
the expected SM background |104) . The 2.73 ± 0.55 events 
are estimated from direct triphon production (DTP). This 
analysis is used to search for fermiophobic Higgs via the 
process pp^hfH^^hfhf-^-yjj(-y) + X. 
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Fig. 29. Excluded branching fractions ^77) as func- 

tion of the fermiophobic Higgs boson mass m^^ for the D0 
search with 1.1 fb~^ of data [62] . The signal is the sum 
of pp^VV ^hf and pp^hfV processes. The theoretical 
curve uses the benchmark scenario assuming that the cou- 
pling hfVV {V = W, Z) has the same strength as in the SM 
and that all fermion branching fractions are exactly zero. 



133 GeV and 109 GeV, respectively. When the two 
states are degenerate in mass, the limit is increased to 
mH±± < 146 GeV at 95% C.L. 



6 Extended Higgs models 

In a more general framework, one may expect devia- 
tions from the SM predictions to resuh in significant 
changes to the Higgs boson discovery signatures. One 
such example is the so-called "fermiophobic" Higgs bo- 
son [M1f5^1l55] . which has suppressed couphngs to all 
fermions. 

Experimental searches for fermiophobic Higgs at 
LEP and Tevatron have yielded negative results so 
far. In fermiophobic models, the decay H^^hjW* can 
have a larger branching fraction than the conventional 
decays H^^tb,Tv. This would lead to double hj pro- 
duction. Searches have been conducted via the pro- 
cess pp^hfH^^hfhfW^^^^^{'^) -I- X by the D0 
experiment using 0.83 fb~^ of data [104] . Figure [28] 
shows the distribution of the diphoton invariant mass 
in data and from the expected backgrounds, where 
each event contributes three histogram entries since 
they are three possible photon-photon combinations. 
This analysis select 5 events in the data. The 2.73 ± 
0.55 background events from direct triphon production 
(DTP), i.e., direct diphoton production (DDP) along 
with the FSR/ISR photon, are estimated by scaling the 
corrected number of diphoton events observed in data 
with the rate at which one would expect to observe 
a third photon in DDP processes from pythia. The 
background from events in which jets or electrons were 
misidentified as photons is estimated in data and rep- 
resents 0.8 ± 0.15 event. In absence of excess, a limit 



is set at ruhf > 80 GeV for < 100 GeV and 

tan/3 = 30 at 95% C.L. 

Another D0 search for fermiophobic Higgs bosons 
has been recently submitted for publication using 1.1 
fb~^ of data [62]. This analysis searches for inclusive 
production of diphoton final states via Higgsstrahlung 
pp^h fV —i-jj + X and vector boson fusion pp—^VV 
^-fj+X processes {V = W, Z). The benchmark model 
used to set mass limits assumes that the coupling /i/FT/ 
has the same strength as in the SM and that all fermion 
branching fractions are exactly zero. The study shown 
in Fig. [29l excludes fermiophobic Higgs bosons of mass 
up to 100 GeV at the 95% C.L. and represents the 
most stringent limits to date at a hadron collider. 

Technicolor models [105] provide an alternative dy- 
namical explanation of electroweak symmetry break- 
ing through a new strong gauge interaction acting on 
new fermions, called "techni-fermions" . The D0 Col- 
laboration published a search corresponding to 390 
pb~^ of data |106j in the final state containing one 
electron and two jets coming from the decay of vec- 
tor techni-mesons (pP^pt/ujt) to a boson and a 
techni-pion ttt, followed by the decays W^ev and 
TTT—^bb, be, or cc. As no significant excess in the data 
was observed, limits have been set. For instance, a 
mass of « 210 GeV is excluded for the corre- 

sponding m^^ « 120 GeV at 95% C.L. Similarly, CDF 
presented a search for technicolor particles decaying 
into bb, be or bu and produced in association with W 
bosons using 1.9 fb~^ of data |107| . Events match- 
ing the W + 2 jets signature are selected by requiring 
the electron or muon to be isolated with Ex or pt> 
20 GeV, > 20 GeV, and at least one 6-tagged jet. 
The number of tagged events and the invariant mass 



Arnaud Duperrin 



Review - Page 20 



distributions of W + 2 jets and dijet events are con- 
sistent with the SM expectations. For m^^ « 250 GeV, 
the excluded mass range is 135 GeV < mT^-j. < 145 GeV 
at 95% C.L. 



7 Beyond the standard model 

Beyond the elucidation of the mechanism of electroweak 
symmetry breaking, there are many compelling and 
well-motivated models that can be tested at the Teva- 
tron. But what are the CDF and D0 Collaborations 
looking for at Tevatron? By far, the most widely stud- 
ied theory beyond the SM involves new particles pre- 
dicted by low energy supcrsymmetry. Searches are there- 
fore often divided into SUSY and non-SUSY categories. 
This succinct summary covers the following topics: 

• Extension beyond the Poincare group, i.e., super- 
symmetry, such as searches for electroweak gaug- 
inos with leptonic decay, and squark and gluino 
production resulting in multijet-|-^p topologies. 

• Existence of a new symmetry leading to massive 
particles with a lifetime comparable to the typical 
transit time through the detector. 

• Particle substructure or compositeness, such that 
history repeats itself, leading to e.g., leptoquark 
particles or excited fermion states. 

• An enlarged gauge group resulting in exotic Z' or 
W bosons. 

• An increase in the number of spacial dimensions, 
i.e., extra-dimension models with real Kaluza-Klein 
gravitons produced in association with a jet, or vir- 
tual Kaluza-Klein gravitons exchanged in the pro- 
duction of fermion or vector-boson pairs. 

• A search for an excess in data without a specific 
model in mind. These are grouped into so-called 
signature-based searches. 



8 Charginos and neutralinos 

Charginos and neutralinos are respectively the charged 
and neutral partners of gauge and Higgs bosons. The 
primary search modes are pair production of charginos 
ixtxi) or associated chargino-neutralino (xf X2) P'^O" 
duction, where is the lightest chargino and X2 is 
the second lightest neutralino. A search for SUSY can 
therefore be performed via the associated production 
of charginos and neutralinos, where the xf ^^rid X2 
assumed to decay either via exchange of vector bosons 
or via sleptons into SM fermions while the lightest neu- 
tralino remains undetected. 

The CDF and D0 Collaborations have searched in 
the trilepton final state. Published results are based on 
320 pb-i for D0 [108] and 1.1 fb^^ for CDF pTMfTTOl 
llllj . The eel channel was updated to 1.7 fb~^ by D0 
and, in combination with results in four other trilepton 
search channels based on approximately 1 fb~^ of data, 
new limits on the associated production of charginos 
and neutralinos have been set by the D0 Collaboration 
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Fig. 30. D0 95% C.L. limits on the total cross section 
for associated chargino and neutralino production with lep- 
tonic final states as a function of the chargino (xt) mass, 
in comparison with the expectation for several SUSY scenar- 
ios usmg 0.9-1.7 fb"^ of data [ill]- The line corresponds 
to observed minimal SUGRA limit. PDF and renormaliza- 
tion/factorization scale uncertainties are shown as shaded 
bands. The lower mass limit at 103.5 GeV is from LEP 
searches [114] , 



[TT2] . The CDF results were updated with 2 fb^^ of 
data [m] . 

The trilepton final state has long been suggested to 
be one of the most promising channel for discovery of 
SUSY at a hadron collider. However, these searches suf- 
fer from a cross section below 0.5 pb with leptons that 
are difficult to reconstruct due to their low transverse 
momenta, rendering the analyses challenging. Further- 
more, many channels need to be combined to achieve 
sensitivity. The selection consists of two well identified 
and isolated electrons (e) or muons (^) with a pr cut 
above « 10 GeV. An additional isolated track provides 
sensitivity to the third lepton (/) and, by not requiring 
explicit lepton identification, efficiency is maximized. 
The presence of neutrinos and neutralinos in the fi- 
nal state results in some missing transverse energy. 
Finally, since very few SM processes are capable of gen- 
erating a pair of isolated like-charge leptons, the same 
analysis is performed with this looser criterion. 

The results are interpreted in minimal SUGRA in- 
spired scenarios (mSUGRA) where gravity mediates SUSY 
breaking from the grand unification theory (GUT) scale 
to the electroweak scale. With i?-parity conservation 
(see section [TT|) . mSUGRA can be completely character- 
ized by five parameters: a common scalar mass (mg), 
a common gaugino mass {mi/2), a common trilinear 
coupling value (Aq), the ratio of the vacuum expec- 
tation values of the two Higgs doublets (tan/3), and 
the sign of the Higgsino mass parameter (/i). Direct 
searches at LEP set a lower limit on the mass of the 
chargino xt at 103.5 GeV for sneutrino masses larger 
than 200 GeV [TT4] . 



Arnaud Duperrin 



Review of Searches for Higgs Bosons and BSM Physics at the Tevatron - Page 21 



CDF Run II Preliminary licit = 2.0 fb' 



Search for x*x° 




20 40 60 80 100 120 140 160 180 200 

Missing (GeV) 

Fig. 31. distribution for di-lepton events witii invari- 
ant mass 76 GeV < mu < 106 GeV. Tiiis control region is 
used to test SM predictions of tiie CDF searcii for chargirios 
and neutralinos using 2 fb~^ of data [113j . 



As a guideline, D0 results are interpreted in this 
model with chargino xt ^ind neutralino (x2j Xi) niasses 
following the relation m ± ~ m^o ~ 2m^o . The lep- 

° Xl Xl ^ 

tonic branching fraction of chargino and neutralino de- 
pends on the relative contribution from the slepton- 
and W/Z-exchange graphs, which varies as a function 
of the slepton masses. Three mSUGRA inspired scenarios 
were used for the interpretation as shown in Fig. 1301 
Two of them are with enhanced leptonic branching 
fractions ("heavy squarks" and "3^-max" scenarios). 
For the 3/-max scenario, the slepton mass is just above 
the neutralino mass (m^o), leading to maximum branch- 
ing fraction into leptons. The heavy squark scenario is 
characterized by maximal production cross section. Fi- 
nally, the large universal scalar mass parameter (mo) 
scenario is not yet sensitive because the W/Z exchange 
dominates. The new D0 result |112j in the eel chan- 
nel using 1.7 fb~^ of data observes no events after final 
selection, with 1.0 ± 0.3 events expected from the SM 
background and between 0.5-0.2 events for the signal. 
In the dataset corresponding to 1 fb~^, no candidates 
have been found in the e^£ channel with an expected 
background of 0.9to i events, while two candidates are 
found in the channel consistent with the back- 
ground expectation of 0.3lo'2 events. In the eel chan- 
nel, no candidates have been found, with an expected 
background of 0.8 ± 0.7 events. The observation of one 
event in the data is consistent with the 1.1 ±0.4 events 
expected from the background in the fJ,^fJ.^ channel. 
Since no evidence for SUSY is reported, all results are 
combined to extract limits on the total cross section, 
taking into account systematic and statistical uncer- 
tainties including their correlations. The D0 combina- 
tion excludes chargino masses below 145 GeV at 95% 
C.L. for the 3Z-max scenario. 

Similar analyses have been performed by CDF but 
interpreted with slightly different scenarios and with 
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Fig. 32. CDF 95% C.L. limits on the total cross sec- 
tion for associated chargino and neutralino production with 
leptonic final states using 2 fb~^ of data |113) . The ex- 
pected limit corresponds to the dashed line, with ±lcr and 
±2(7 uncertainty bands shown. The next-to-leading order 
(NLO) production cross section corresponds to an mSUGRA 
model with the universal scalar mass parameter fixed to 
mo = 60 GeV. 



a total integrated luminosity corresponding to 2 fb^^ 
of data [113j . After selecting dilepton events, a control 
region with 76 GeV < to« < 106 GeV is used to es- 
tablish a good understanding of the data and to test 
the SM predictions. The $!rp distribution for this con- 
trol region is displayed in Fig. [nU The low and high 
invariant mass regions are also explored. The search is 
splittcd into five exclusive channels and optimized for a 
benchmark signal point in the minimal SUGRA scenario, 
corresponding to mg = 60 GeV, TOi/2 = 190 GeV, 
tan/3 = 3, ^0 = 0, and ^ > 0. In this case, the masses 
m + = 119.6 GeV, m^o = 122 GeV, m^o = 67 GeV 

Xl ' Xl ' X2 

have been computed with isajet |115j and the cor- 
responding xtx2 production cross section 0.327 pb 
with PROSPiNO-2 |116| . A total of 0.9±0.1 background 
events in the trilepton channels are expected for 4.5 ± 
0.4 events from the signal, and 5.5 ± 1.1 background 
events for the dilepton±track channels for 6.9±0.6 sig- 
nal events. CDF observes 1 event in the trilepton chan- 
nel and 6 events in the dilepton±track channels. No 
excess is therefore observed and the resulting cross sec- 
tion limit shown in Fig.[321is given as a function of the 
chargino mass for the benchmark mSUGRA scenario de- 
fined above but varying This scenario enhances 
the branching fraction of chargino and neutralino into 
leptons, and excludes chargino masses below 140 GeV 
for a sensitivity (expected limit) of 142 GeV at 95% 
C.L. Other models are being investigated for upcoming 
analyses with increased luminosity. 

The results between the two experiments cannot be 
directly compared since the fixed low mg value leads 
to a two-body decay for the CDF analysis, while for 
the D0 analysis a sliding window of mo is used to 
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Gluino Mass (GeV) 

Fig. 33. D0 Run II exclusion plane for squark and gluino 
masses at 95% C.L. using 2.1 fb"^ of Run II data [113, 
in the mSUGRA framework. The region excluded by pre- 
vious results and this analysis is shown as the "D0 11" 
shaded area. The thick (dotted) line is the limit of the 
observed (expected) excluded region for the nominal the- 
oretical cross section. The band around these limits shows 
the effect of the PDF choice and of the variation of renor- 
malisation/factorisation scale by a factor of two. 



keep the slepton mass slightly above the X2 mass which 
corresponds to a three-body decay. 



9 Squarks and gluinos 

9.1 Generic q and g searches 

In pp collisions, squarks {q) and gluinos (g), the super- 
partners of quarks and gluons, are expected first to be 
abundantly produced if they are sufficiently light, and 
second to largely exceed the mass reach achieved at 
LEP. However, these searches have large background 
at the Tevatron. The final states are studied within the 
framework of mSUGRA assuming i?-parity conservation. 
All SUSY particles, except the lightest neutralino, are 
unstable and will therefore decay into their SM counter- 
parts right after being produced, leading to a cascade 
decay with a final state consisting of several jets from 
the squarks and the gluinos, plus missing transverse 
energy coming from the neutralinos. Note that to in- 
terpret the results of this search, the ten SUSY partners 
of the five light quarks flavors were considered to be de- 
generate in mass by D0. In the following, the squark 
mass is therefore defined as the average mass of all 
squarks other than the superpartners of the top. The 
CDF analysis assumes that only the first and second 
generation masses are degenerated. 

The most constraining direct limits on squark and 
gluino masses are published by the D0 Collaboration 
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Fig. 34. Regions excluded by the squark and gluino 
analyses at the 95% C.L. in the (mo,mi/2) plane, in the 
framework of mSUGRA assuming 7?-parity conservation, us- 
ing 2 fb~^ of CDF Run II data [II8]. The regions ex- 
cluded by LEP chargino and slepton searches are shown. 
The nearly horizontal black lines are the iso-mass curves 
for gluinos corresponding to masses of 150, 300, 450 and 
600 GeV. The other lines are iso-mass curves for squarks, 
corresponding to masses of 150, 300, 450 and 600 GeV. 



|117j . based on an analysis of 2.1 fb~^ of data. A pre- 
liminary result with similar sensitivity was shown by 
CDF |118j during the winter 2008 conferences with 
2 fb-i of data. 

Three different scenarios have been probed by both 
CDF and D0 experiments. The first one corresponds 
to pair production of squarks, each decaying into a 
quark and a neutralino {q^qXi)i leading to a two 
jets+^^-P final state. This decay channel is dominant 
if the gluino is heavier than the squark (m^ Trig). 
The second scenario applies when the squark is heavier 
than the gluino, leading to a final state with 4 jets and 

from g^q*q^qqXi- The third one addresses simi- 
lar squark and gluino masses, with a final state of three 
or more jets arising from qg associated production. 

Table [3] from D0 illustrates the selection criteria 
used for these searches. The data show good agree- 
ment with SM expectations after requiring dedicated 
multijet-t--^y triggers and tight cuts on and the 
scalar pT sum [Ht)- No signal is seen and cross section 
upper limits at 95% C.L. have been obtained for the 
sets of minimal SUGRA parameters considered (tan /3 = 
5 (3), Ao = (-2mo), /it < for CDF (D0)). The two 
Collaborations show the results translated into the ex- 
cluded regions in the {mg,mq) and {1710,1711/2) planes. 

The observed and expected mass limits derived for 
D0 using 2.1 fb~^ are given in Fig. [33] as functions of 
the squark and gluino masses, improving on previous 
published limits. Lower limits at 95% C.L. of 379 GeV 
and 308 GeV on the squark and gluino masses, re- 
spectively, are derived in the most conservative hy- 
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Table 3. Selection criteria for the 
three squark and gluino analyses pub- 
lished by the D0 Collaboration pT7] 
with 2.1 fb~^ of data (all energies and 
momenta in GeV). | Vertex z pos.| is 
the longitudinal position of the inter- 
action collision with respect to the de- 
tector center. The acoplanarity is de- 
fined as the azimuthal angle between 
the two leading jets. First and second 
(third and fourth) jets are also required 
to be central \r]\ < 0.8 (|r;| < 2.5) with 
PT > 35 GeV {pT > 20 GeV for the 
fourth jet). The missing transverse en- 
ergy and scalar pr sum are denoted 
and Ht, respectively. The numbers of 
events observed and expected from SM 
backgrounds and from signal are given 
for each analysis (the first uncertainty 
is statistical and the second is system- 
atic). 



pothesis by D0. The corresponding expected limits 
are 377 GeV and 312 GeV. For the particular case 
iTiq ~ iTig, squark and gluino masses below 390 GeV 
are excluded. The observed limit becomes 408 GeV for 
the NLD nominal signal cross section computed with 
the CTEQ6 . IM PDF ^119J and for the renormalization 
and factorization scale firj = Q, where Q is taken 
to be equal to rUg for gg production, rriq for qq, and 
{mg + mq)/2 for qg production. The factor of two on 
the renormalization and factorization scale reduces or 
increases the nominal signal cross sections by 15-20%. 
The PDF and ^rj effects were added in quadrature to 
compute minimum and maximum signal cross sections. 
If one considers the less conservative scenario (maxi- 
mum signal cross section), the observed lower mass 
hmit for TO, ~ rUg is 427 GeV at 95% C.L. 

The CDF search with 2 fb^^ excludes masses up 
to 392 GeV in the region where gluino and squark 
masses are similar, gluino masses up to 280 GeV for 
every squark mass, and gluino masses up to 423 GeV 
for squark masses below 378 GeV. Figure [34l shows the 
results of this analysis translated into the excluded re- 
gions in the mSUGRA (too,toi/2) plane. This search im- 
proves on the limit from indirect LEP searches for toq 
values between 75 and 250 GeV and for TOi/2 values 
between 130 and 170 GeV. However, the LEP Higgs 
search limits remain more constraining in a purely 
mSUGRA scenario |120j . 

The D0 and CDF limits use slightly different 
model parameters and methods to compute the ex- 
cluded masses. Thus, they are not directly compara- 
ble. However, it was verified that similar results hold 
for a large class of parameter sets. 

A complementary search for squarks has been per- 
formed by D0 in the topology of multijet events ac- 
companied by large missing transverse energy and at 
least one tau lepton decaying hadronically using 1 fb^^ 
of data [121] . Lower limits on the squark mass up to 
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Fig. 35. D0 95% C.L. exclusion contours in the stop and 
neutralino mass plane, assuming a stop branching ratio of 
100% into a charm quark and a neutralino. This search is 
based on 1 fb"^ of data [122]. 



366 GeV are derived in the framework of mSUGRA with 
parameters enhancing final states with taus. This anal- 
ysis has the advantage of providing additional sensitiv- 
ity for squark searches, mainly at large values of tan/3. 



9.2 Stop and sbottom searches 

For the third generation, mass unification is broken in 
many SUSY models due to potentially large mixing ef- 
fects. This can result in a sbottom or stop with much 
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Fig. 36. CDF 95% C.L. exclusion contours in the sbottom 
and neutralino mass plane, assuming gluino pair produc- 
tion where the gluino decays to bb with subsequent sbottom 
decay to a 6-quark and the lightest neutralino. This search 
is based on 1.8 fb"^ of data [1271. 



lower mass than the other squarks and gluinos. In addi- 
tion, the Ughtest stop quark could well be the lightest 
of all quarks because of the impact of the large top 
Yukawa coupling on the renormalization group equa- 
tions. 

Dedicated searches are conducted in a general MSSM 
framework assuming the decays t — > ex? and b — ^ 
bxi are the only ones kinematically allowed. Despite a 
much smaller cross section for t and b production com- 
pared to previous generic squark searches, heavy-flavor 
tagging can be used to reduce the important SM back- 
grounds. However, in the mass range of interest, the 
jets are much softer compared to the generic squark 
search, and therefore the QCD multijet background is 
much larger, reducing the stop and sbottom masses 
which can be excluded. 

D0 has recently submitted for publication an up- 
date using 1 fb~^ of data [122j compared to previous 
D0 [123] and CDF [124] pubhshed results with about 
300 pb~^ of the case where the stop decays with a 
branching ratio of 100% into a charm quark and a 
neutralino. Good agreement between the data and the 
SM prediction is obtained. The derived limits at 95% 
C.L. on the stop mass are shown in Fig. [351 With the 
theoretical uncertainty on the t pair production cross 
section taken into account, the largest limit on to^ is 



150 GeV, for m 



65 GeV. 



At large values of tan /3, the mixing can be en- 
hanced in the sbottom sector. The analysis of the de- 
cay channel b fe^i is similar to the one applied for 
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Fig. 37. D0 95% C.L. exclusion contours in the stop and 



sneutrino mass plane, assuming t- 
modes using 1 fb-i of data [130] . 



*b£i' and u^uxi decay 



the stop except that higher masses can be excluded 
because heavy-flavor tagging is more efficient for 6-jets 
than for c-jets. Supersymmetric bottom quark masses 
up to 193 GeV for a neutrahno mass of 40 GeV are 
excluded by CDF with 295 pb'^ of data [TM]. For 
the D0 analysis [125j using 310 pb~^, the maximum 
TOg excluded is 222 GeV, which is the most restrictive 

limit on the sbottom mass to date from direct b pair 
production. 

The CDF Collaboration also considered the sce- 
nario where the sbottom could be produced through 
the decay of gluinos into bottom and sbottom quarks, 
yielding a signature consisting of four 6-jets and two 
neutralinos from the sbottom decay b — > bxi- Requir- 
ing inclusive double 6-tagging, CDF observes 4 events 
where 2.6 ± 0.7 are expected in 156 pb~^ of Run II 
data [126j . Exclusion lower limits have been published 
on the masses of the gluino and sbottom up to 280 
and 240 GeV, respectively. This result has been re- 
cently updated with 1.8 fb^^ of CDF data [127]. At 
least one 6-tagged jet was required and two differ- 
ent signal regions were optimized. In the small (large) 
Am — rrig — m^o region, 19 (25) events are observed 
for 22.0 ± 3.6 (22.7 ± 4.6) events expected from SM 
processes. The {m^^,mg) exclusion contour plot at 95% 
C.L. is shown in Fig. 1361 A lower gluino mass limit 
rrig > 340 GeV is set for to^ 
60 GeV, and niq = 500 GeV. 

The D0 Collaboration has searched for a light stop 
in the lepton-|-jets channel using two scenarios. The 
first one uses the stop decay modes h^^tXi ^ bW^Xi- 
In this analysis, kinematic differences between stop 
pair production and the dominant ti process are used 
to separate the two possible contributions. The prelim- 
inary results [128] with 1 fb~^ set upper cross section 
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Fig. 38. D0 J^j, distribution in 1.1 fb~^ of 77 data, along 
with expected background processes [139j . The expected 
distribution for GMSB SUSY signal with A ^ 75 TeV and 
90 TeV are presented as dotted and dashed lines, respec- 
tively. 



limits at 95% C.L. on titi production that are a fac- 
tor of about 7-12 higher than expected for the MSSM 
model for stop masses ranging between 145-175 GeV. 
The second scenario considers the pair production of 
the stop decaying into a 6-quark and the supersym- 
metric partner of the neutrino, i.e., the sneutrino 
This decay t^hiv is then followed by the iy^i'Xi in- 
volving only invisible particles. The ensuing final state 
consists of two leptons, two 6-jets and missing trans- 
verse energy. The result combines e/j+jets and /i/i-f jets 
final states and limits are set in the plane {m£ , m^j) 
as shown in Fig. [37l The published result |129j with 
428 pb~^ of data has been recently updated [130j with 
1.1 fb^"'^ and there is now good agreement between the 
expected and observed limits. 



10 Gauge mediated SUSY breaking 

In gauge mediated SUSY breaking models (GMSB), the 
gravitino, with a mass less than few keV, is the LSP. 
The phenomenology of these models is therefore de- 
termined by the nature and the lifetime of the next- 
to- lightest supersymmetric particle (NLSP), which can 
be either a neutralino or the lightest stau, depending 
on the choice of model parameters [5]. 



10.1 Long-lived final state 

It is possible for a stau NLSP in these models to be long- 
lived |131j . Stau pair production has been searched for 
by D0 using 390 pb"! of data [r32]. These long-lived 
particles loose energy principally by ionization and can 
traverse the entire detector, registering in the muon 
detectors. The search is not yet sensitive enough to 



set a stau lower limit. In anomaly mediated supersym- 
metry breaking (AMSB), or in models that do not have 
gaugino mass unification, the signature is the same 
for long-lived charginos that escape the detector |133j . 
The larger production cross section allows a prelimi- 
nary lower limit of 140 GeV on higgsino-like charginos 
and 174 GeV on gaugino-like charginos, both at the 
95% C.L. 



10.2 Diphoton final state 

Final states with two photons and Ifrp can be produced 
in GMSB models. In such a scenario, the lightest neu- 
tralino (xi) decays into a photon and a weakly in- 
teracting stable gravitino (G). Most of the searches 
assume the prompt decay Xi ^ iG. The CDF Col- 
laboration, however, also searched in 570 pb^^ of data 
for non-prompt decays and a with a lifetime that is 
on the order of nanoseconds or more [134] . Two candi- 
date events, consistent with the background estimate 
of 1.3±0.7 events, are selected based on the arrival 
time of the photon at the calorimeter. This result al- 
lows for setting both quasi-model-indcpendent cross 
section limits and for an exclusion region of GMSB mod- 
els in the x\ lifetime versus mass plane (r^o ,m^o), with 
a mass reach of 101 GeV for r^o = 5 ns. 

As for the prompt decay Xi jG, CDF |135j and 
D0 |136j combined their published results based on 
200-260 pb"^ of data. The combined hmit [137] ex- 
cludes a chargino mass of less than 209 GeV, for GMSB 
parameters following the "Snowmass benchmark sce- 
nario" |138j : messenger mass tom = 2yl where A is 
the effective SUSY-breaking scale, tan/3 = 15, fi > 0, 
and the number of messenger fields Nm = 1- The 
D0 Collaboration recently published an update us- 
ing 1.1 fb"^ of data The ^j. distribution for the 
77 sample is given in Fig. 138! with the expected signal 
contribution for two different values of the effective en- 
ergy scale A. After determination of all backgrounds 
from data, D0 observes no excess of such events and 
thus sets 95% C.L. limits: the masses of the lightest 
chargino and neutralino are found to be larger than 
229 GeV and 125 GeV, respectively. These results rep- 
resent the most stringent limits to date on this partic- 
ular GMSB SUSY model. 



11 i^-parity violation 

The MSSM superpotential is minimal in the sense that 
it is sufficient to produce a phenomenologically vi- 
able model. However, the most general gauge-invariant 
and renormalizable superpotential would include addi- 
tional terms like 

^RPV ^ ^ijkLiLjEk + X^jf^LiQjDk + X^j/^UiDjDk, 

where « = 1, 2, 3 are the family indices. The lepton and 
quark doublet superfields (weak isospin singlet super- 
fields) are denoted L and Q {E, U and D), respectively. 
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Fig. 39. Invariant mass of tiie electron-muon system in 
1 fb~^ of data collected by the D0 experiment |144j . The 
search is performed in the context of 7?-parity-violating 
production and decay. The dashed line indicates the sig- 
nal hypothesis for a third-generation sneutrino {Dt) with a 
mass of 100 GeV and a x Br of 0.057 pb. 
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Fig. 40. Mass distribution measured in 1 fb~ of data by 
the time-flight flight and transverse momentum of tracks 
in events collected by the CDF experiment using the high 
transverse momentum muon trigger. The expected contri- 
bution from stable stop pair production is shown for a stop 
mass of 220 GeV [153,. 



These terms violate both baryon number (B) and lep- 
ton number (L), which is in contradiction with exper- 
imental observations. The most obvious experimental 
constraint comes from the non-observation of proton 
decay, which would violate both B and L by 1 unit. 
Therefore, these new couplings in the trilinear terms, 
if present in nature, must be extremely small. In the 
MSSM, a new symmetry is thus introduced to eliminate 
the possibility of B and L violating terms in the super- 
potential. This new symmetry, called i?-parity |3j, is 
a multiplicatively conserved quantum number defined 
as P = which takes a value of -fl for SM 

particles and -1 for SUSY particles. 

The CDF and D0 Collaborations have considered 
a number of scenarios under the hypothesis that R- 
parity violation (RPV) can occur. The experimental 
consequences are characterized by less missing trans- 
verse energy and more leptons and jets in the final 
states, due to the decay of the LSP into SM particles. 
In addition, sparticles may be resonantly produced by 
RPV couplings as single sparticles, by virtue of which 
the LSP cannot be a candidate for dark matter. 

Searches for gaugino pair production via A121 and 
A122 with a signature of at least four charged lep- 
tons and two neutrinos are published by CDF |140| 
(D0 [lU) using 346 pb"! (360 pb^i) of data. The 
case in which a r appears in the final state via A133 
coupling has been included in the D0 analysis. Using 
the mSUGRA model with toq = 1 TeV, tan/? — 5, and 
^ > 0, D0 obtains 95% C.L. lower limits on the Xi 
(xf ) masses of 119, 118, 86 GeV (231, 229, 166 GeV) 
for the corresponding A121, A122, and A133 couplings, 
respectively. For the CDF analysis, the Xi mass limits 
range from 98 to 110 GeV, while the chargino mass 
fimits range from 185 to 203 GeV at 95% C.L., de- 
pending on the choice of model parameters. 



A search for pair production of scalar top quarks 
decaying via the i?-parity-violating A333 coupling to 
a T lepton and a h quark has been presented by the 
CDF Collaboration based on 322 pb'^ of data [142]. 
A lower mass limit m^^ > 151 GeV has been set in the 
final state of either an electron or a muon from the 
first T decay, a hadronic decay for the second r, and 
two or more jets. 

Resonant slepton production has also been probed 
at the Tevatron. A single slepton could be produced 
in hadron collisions by LQD interactions followed by 
decays into SM di-lepton final states via LLE inter- 
actions, leading to a high-mass di-lepton resonance. 
The CDF [113] and D0 [HJ Collaborations have re- 
ported a search for resonant production of sneutrinos 
decaying into an electron and a muon using 344 pb~^ 
and 1 fb~^ of data, respectively. The invariant mass of 
the electron-muon system in the D0 search is shown 
in Fig. [39l For a sneutrino with mass of 100 GeV, 
A311 > 1.6 X 10-3 is excluded by D0 at 95% C.L. when 
the A312 coupling constant is fixed at 0.01. CDF ex- 
cludes X^ii values above 0.01 for a mass of 300 GeV 
and A132 > 0.02. In addition, CDF published sneutrino 
mass limits depending on the A and A couplings con- 
sidered in the other ee, /i/i, tt final states based on 
« 200 pb-i [145,146 . 

Results from D0 have been published jl47j based 
on 380 pb"^ on the production and decay of reso- 
nant smuons and muon-sneutrinos in the channels fl — > 
Xi A^j A ~* X2 3 4 /^i ^ii'i '^M ~^ xt2 ^ lower limit on 
the slepton mass < 363 GeV is set for A211 > 0.10, 
tan/3 = 5, ^0 = and ^ < 0. 
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12 Long-lived particles 

Although cosmological considerations put strict lim- 
its on new particles that are absolutely stable, these 
restrictions do not apply to particles that live long 
enough to decay outside the detector [148] . Several 
models, outlined below, predict charged or neutral long- 
lived particles decaying inside or outside the detector. 

12.1 Neutral long-lived particles 

The existence of neutral long-lived particles decaying 
into two leptons that arise from a highly displaced ver- 
tex is expected in "hidden valley" theories [149j or 
SUSY models with i?-parity violation [3] . Motivated by 
the excess of di-muon events observed by the Fermi- 
lab neutrino experiment NuTeV }150|, D0 has pub- 
lished [151j a search based on 380 pb~^ of data as- 
suming a benchmark model where the Xi has traveled 
at least 5 cm and decays via RPV to ^'^ ji^v. The back- 
ground has been estimated to be about one event and, 
since no candidates were observed, a 95% C.L. upper 
cross section limit of 0.14 pb is set on pair-production 
of neutral long-lived particles with a mass of 10 GeV 
and a hfetime of 4 x 10~^^. 



12.2 Charged long-lived particles 

If a long-lived particle has a large mass and is charged 
(CHAMP) |152j . it will appear in the detector as a 
slowly moving, highly ionizing particle with large trans- 
verse momentum that can be observed in the muon 
detectors. CDF has performed a model independent 
search by measuring the time-of-flight of particles from 
muon triggers in 1 fb^^ of data |153j . As shown in 
Fig. 201 the result is consistent with muon background 
expectation. Within the context of stable stop pair 
production, CDF infers an upper mass limit of 250 GeV 
at 95% C.L. 

The introduction of a fourth generation quark h 
provides another possibility for such long-lived par- 
ticles [TM] . The CDF Collaboration reported a 
result, based on 193 pb"""^ of data, for such particles 
using Z boson decays to muons and reconstructing di- 
muon vertices in the tracker. D0 also performed a b 
search, using the capability of its detector to recon- 
struct the direction of electromagnetic showers, and 
thus enhancing its sensitivity to long-lived particles. 
Although limits have been set within the framework of 
the b model, loose requirements are imposed to limit 
potentially model-dependent selection. No evidence of 
such excess is found in 1 fb~^ of data by D0 [156] . 
Limits are set on the production cross section and life- 
time of such long-lived particles that decay into a Z 
boson or any final state with a pair of electrons or 
photons with mass above 75 GeV at 95% C.L. 

In a variant of SUSY known as split supersymme- 
try |157j , gluino decays into squarks and the neutralino 
LSP are suppressed, leading to a long lived gluino. At 
the Tevatron, such colorless bound states (R-hadrons) 
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Fig. 41. Examples of leading-order Feynman graphs for 
pair-production (left) and single production (right) of lep- 
toquarks. 



of a gluino and other quarks or gluons could be pair 
produced through strong interactions. As studied in 
Ref. [158] . some charged R-hadrons have the poten- 
tial to become "stopped gluinos" , by losing all of their 
momentum through ionization and come to rest in the 
calorimeter. No excess is observed above the primary 
source of background coming from cosmic muons in 
410 pb~^ of D0 data [159] . Their main decay mode 
is expected to be g—>gxi with a lifetime assumed to 
be long enough such that the decay of the gluino oc- 
curs during a bunch-crossing adequately later than the 
one which has produced it (about 30 ^s). Limits are 
therefore placed on the gluino cross section times the 
stopping probability as a function of the gluino and Xi 
masses, for gluino lifetimes from 30 /iS to 100 hours. 
This analysis excludes nig < 270 GeV for a Xi mass 
of 50 GeV, assuming a 100% branching fraction for 
g—>-gXii a gluino lifetime less than 3 hours, and a neu- 
tral to charged R-hadron conversion cross section of 
3 mb. 



13 Leptoquarks 

Leptoquarks {LQ) are colored bosons that were pos- 
tulated to explain the parallels between the families of 
quarks and leptons 160 . They are predicted in many 
extensions of the standard model, such as SU(5) grand 
unification |161j . superstring |162j . and compositeness 
models [163| . Figure [41] shows mechanisms for lepto- 
quark production and decay in pp collisions, where lep- 
toquarks can be pair produced via the strong interac- 
tion. Single leptoquark production can also occur in 
association with a lepton. 

13.1 LQ pair production 

At the Tevatron, LQ states would be predominately 
pair produced with larger cross sections predicted for 
vector (spin 1) than for scalar (spin 0) leptoquarks. 
They are expected to decay into a quark and a charged 
lepton with a branching fraction /?, or into a quark and 
a neutrino with a branching fraction (1 — /?). Exper- 
imental limits on lepton number violation, on flavor- 
changing neutral currents, and on proton decay moti- 
vate the assumption that there would be three differ- 
ent generations of leptoquarks, where each leptoquark 
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generation couples to only one generation of quarks 
and leptons. 

Results have been published by CDF for first gen- 
eration scalar leptoquarks {LQi) using about 200 pb^^ 
of data. No evidence is observed of such particles in the 
topologies arising from LQiLQ^—^ eqeq, LQiLQ^^ 
equq, and LQiLQ^^ qvqv |164ill65] . Lower mass lim- 
its are derived: 236, 205 and 145 GeV for /3 = 1, 
(3 — 0.5 and (3 = 0.1, respectively. The LQi mass 
limits which are published in the eqeq and eqvq fi- 
nal states by D0 with 252 pb~^ of data are 256 and 
234 GeV, for /? = 1 and 0.5, respectively |I66]. In 
LQiLQi^qi/qv, D0 has published [167] a result with 
310 pb~^ and a lower mass limit of 136 GeV is set 
at the 95% C.L. Recently, CDF has released a search 
based on 2 fb~^ of dijet-l-^-j, data [168j . Two separate 
analyses are performed. The first one requires two jets 
with pt > 30 GeV, no third jet with pT > 15 GeV, 

> 80 GeV, and Ht > 125 GeV. The second one 
search in the high kinematic region defined by Ht > 
225 GeV and $t > 100 GeV. In both regions, CDF 
compares the expected SM backgrounds with data and 
no excess is observed. A scalar leptoquark model is 
used to place a limit of nij^ > 177 GeV, for /3 = 
at 95% C.L. 

Second generation scalar leptoquarks {LQ2) have 
also been searched for at the Tevatron. The CDF Col- 
laboration has published a result in the dimuons+jets 
and muon+missing energy-|-jets topologies using 198 
pb~^ of data 169 . Combining the results with those 
from the .^^-l-jets channel topology [165j . CDF ex- 
cludes LQ2 with masses below 226 GeV for /3 = 1, 
208 GeV for (3 = 0.5, and 143 GeV for = 0.1 at 95% 
C.L. The D0 Collaboration has published limits in the 
channel LQ2LQ2—^ fJ-QfJ-Q using an integrated luminos- 
ity of 294 pb""'^ [170; . In combination with previous D0 
measurements, lower mass limits of rriLQ^ > 251 GeV 
for /3 = 1 and rriLQ^ > 204 GeV for /3 = 0.5 are set. 
The first D0 search performed in Run II in the chan- 
nel LQ2LQ2—^nqi'q, which has maximal sensitivity for 
f3 — 0.5, is based on 1 fb~^ of data |171| . From this 
analysis alone, a lower mass limit for scalar second gen- 
eration leptoquarks of mLQa > 214 GeV at /3 = 0.5 is 
set at 95% C.L. Using 2 fb^i of dijet-h^^ data, CDF 
excludes LQ2 masses below 177 GeV at 95% C.L [168j . 

A search for third generation scalar LQ3 pair pro- 
duction has been performed in the rbrb channel using 
1 fb-i of data collected at D0 [l72]. To increase the 
search sensitivity, advantage is taken of the presence 
of heavy-flavor jets in the signal. No evidence of signal 
has been observed, and limits are set on the produc- 
tion cross section as a function of the leptoquark mass. 
Assuming f3, the branching fraction of the leptoquark 
into rb, equal to 1, the limit on the mass is 180 GeV 
at 95% C.L. With a smaller dataset of 0.4 fb~^, as- 
suming a decay into bv, the limit is 229 GeV [173j . 
If leptoquark decays into a r lepton and a top quark 
are taken into account, and if equal couplings are as- 
sumed, a mass limit of m^Qg > 221 GeV is set by 
D0 at 95% C.L. [175]. The CDF Collaboration has 
performed a similar analysis with 322 pb~^ of data 




Mass [GeV/c^] 

Fig. 42. CDF 95% C.L. limits based on 1.1 fb"^ 
of data [183] on the Randall-Sundrum graviton 
{G^qq,gg '184'), color-octet techni-r/io production 
{pT^qq,gg 1.85,), excited quark {q*—>qg [181) ). ax- 
igluon and flavor-universal coloron (^4— >qg [186] ). and 
Ed di-quark {D{D'^)—>{qq)qq [162] ). compared with the 
theoretical predictions for production of these particles. 



but in the context of vector leptoquarks (VLQ^). As- 
suming Yang-Mills (minimal) couplings, CDF obtaines 
the most stringent upper limit on the VLQ^, pair pro- 
duction cross section of 344 fb (493 fb) and lower 
limit on the VLQ3 mass of 317 GeV (251 GeV) at 
95% C.L in rb decay jl74] . Finally, a mass limit of 
rriTT^ > 167 GeV is set for third generation of scalar 

leptoquark using 2 Pa'^ of CDF dijet-h^T data 
In this case, the efficiency for third generation events to 
pass a dijet plus missing Et selection criteria is smaller 
due to lepton rejection requirements, and therefore the 
mass limits set are lower than those for the first and 
second generation. 

13.2 Single LQ production 

The production of single leptoquarks leads to final 
states consisting of two leptons and one jet. The D0 
Collaboration has published a search in the fifij fi- 
nal state using 300 pb^^ of data [175] . Compared to 
the search for leptoquarks which considered only pair- 
production, the mass limits are improved to rriLQ > 
274 GeV for (3—1 and A = 1, where A is the leptoquark- 
lepton-quark coupling. For (3 = 0.5, a lower limit on 
the mass of a second generation scalar leptoquark tolq 
> 226 GeV is set at 95% C.L. 

14 Compositeness 

In the SM, the quarks and leptons are treated as funda- 
mental particles. However, one proposed explanation 
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for the three generations is a compositeness model of 
the known leptons and quarks |176j . 



14.1 Excited lepton 

Compositeness models comprise a large spectrum of 
excited states. The CDF and D0 Collaborations 
have searched for excited electron (e*) in the process 
pp^e*e, with the e* subsequently decaying to an elec- 
tron plus photon. The agreement observed by D0 in 
1 fb-i [177J and CDF in 202 pb"! [Iig of data with 
the SM backgrounds are interpreted in the context of a 
model that describes production by four-fermion con- 
tact interactions (CI) and excited electron decay via 
electroweak processes. Choosing the scale for CI to 
be yl = 1 TeV, e* masses below 756 GeV are ex- 
cluded at 95% C.L. by the D0 analysis. To make a 
comparison with LEP results, CDF also reinterprets 
its search in the gauge-mediated model and excludes 
126 GeV < TOe* < 430 GeV at 95% C.L. for the phe- 
nomenological couphng f / Ak. 10^^ GeV [178] . 

Similarly, searches for excited muons (^*) subse- 
quently decaying to a muon plus photon have been 
carried out in a data sample corresponding to an inte- 
grated luminosity of 371 pb'^ for CDF yi9] and 380 
pb~^ for D0 |180j . CDF excludes in the contact inter- 
action model 107 GeV < m^. < 853 GeV for A = m^. 
and in the gauge-mediated model 100 GeV < to^. < 
410 GeV for f/A « 10"^ GeV at 95% C.L. Choos- 
ing the scale for contact interactions to be yl = 1 TeV, 
masses below 618 GeV are excluded by the D0 search. 
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Fig. 43. The dielectron mass measured by CDF and the 
expected background in 2.5 fb~^ of data [192] . A slight 
excess in the data is observed in the region m^+^- « 
240 GeV. 



of CDF lepton-f jets data excludes a fourth-generation 
t quark with a mass below 284 GeV at 95% C.L [189]. 



15 Extra gauge bosons 



14.2 Excited quark 

The D0 Collaboration has published a search within 
the framework of a quark substructure model [181] . 
In 370 pb~^ of data, no indication for resonances in 
the Z-\-]et channel has been observed, where the Z 
boson is detected via its Z^e+e~ decay mode. This 
analysis leads to a mass limit ruq* > 510 GeV at 
95% C.L., assuming the decay mode q*^q + Z for 
the excited quark [182j . The CDF preliminary result 
based on 1.1 fb~^ of data excludes the mass region 
260 GeV < nig, < 870 GeV at 95% C.L. assuming 
the decay mode q*^qg |183'. The obtained limits are 
shown in Fig. |?5] for various models corresponding to 
the production of new particles that decay into dijet. 

In the same vein, CDF searched for new particles 
that lead to a Z boson plus jets but, this time, in 
the context of a fourth generation model [154| . In a 
data sample of 1 fb~^, the Z boson decays to ee and 
/i/i are used to set a lower limit on b quark masses 
below 268 GeV at 95% C.L., assuming the decay mode 
b'^b + Z [187]. 

In 1.9 fb~^ of lepton-|-jet data, CDF also investi- 
gated the existence of a massive gluon and set limits 
on the coupling strength of this particle as function of 
its mass |188] . A search for the heavy top {t ) quark 
pair production decaying to Wq final states in 2.3 fb~^ 



Multiple extensions of the SM predict extra gauge bosons. 
For instance, Z are predicted in Eg GUTs models |190] . 
and W bosons appear in models such as left-right- 
symmetric theories |191j . The new gauge group can 
comprise a new mixing angle and new couplings de- 
pending on the models considered. 

15.1 Z bosons 

The CDF Collaboration has recently released a new 
preliminary result in the search for dielectron reso- 
nances using 2.5 fb^^ of data |192j . The previous CDF 
searches have been published with 0.2-1.3 fb~^ of data 
jl45pi93(ll94] . Resonance with dilepton in the final 
states have always been leading channels for early dis- 
covery searches due to low backgrounds. In addition, 
lepton energy and momentum can be measured pre- 
cisely by combining calorimeter and tracking informa- 
tion. The searches are performed by reconstructing the 
dielectron mass, as shown in Fig. [331 The Z mass peak 
and the Drell-Yan tail at high mass is well reproduced 
by the SM background prediction. However, in the re- 
gion nie+e- ~ 240 GeV, an excess of data over back- 
ground of 3.8(7 is observed, with a 0.6% probability 
that it is caused by the background fluctuation, given 
that the search probes the mass range 150 GeV-1 TeV. 
A typical di-electron event is displayed in Fig. |44l 
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By performing a scan for high-mass resonances, 
CDF sets limits depending on the model considered. 
For instance, a lower mass limit of 966 GeV can be 
set assuming SM-like couplings of the Z , with a some- 
what lower mass limit for Z bosons with masses 
below 737/933 GeV (lightest/heaviest) GeV excluded 
at 95% C.L. The D0 Collaboration has presented a 
preliminary results |195j with 200 pb^^ of data and 
excludes lower masses for Z boson with SM-like cou- 
phngs to fermions of 780 GeV at 95% C.L. 

The e+e^ final state can also easily be reinter- 
preted in the context of technicolor models, which pre- 
dict large amounts of techniparticle production at the 
Tevatron [196j . Degenerated technihadrons {pt,i^t) 
decaying into e~^e~ are excluded for certain model pa- 
rameters with masses below 367 GeV, based on 200 
pb-i of D0 data ^97\. 

Similar analyses in the dimuon channel have been 
carried out by CDF based on 200 pb^^ of data [145] 
and by D0 with 250 pb'^ of data [198]. The signal 
process Z ^t'^t~ has been searched by CDF with 
195 pb^^ of data and a lower mass limit of 399 GeV 
(SM couplings) has been set |146] . 

A general search for resonances decaying to a neu- 
tral e/i final state based on 344 pb~^ of CDF data 
has been interpreted in the context of lepton family 
number violating (LFV) couplings |199j of the Z 
boson and iJg-like models of U{1) symmetry |200| . 

A search for a narrow-width heavy resonances de- 
caying into top quark pairs X^tt based on 913 pb^^ 
has been submitted for publication by D0 |201j . This 
result was recently updated with 2.1 fb~^ of data for 
the winter 2008 conferences [202]. Within a topcolor- 
assisted technicolor model |203| , the existence of a lep- 
tophobic Z boson with mass m^i < 760 GeV and 
width r^' — 0.012771^' are excluded at 95% C.L. Sim- 
ilarly, CDF performed several searches for a tt reso- 
nance in the lepton-|-jets final state using 680 pb"""^ [204] 
and 1 fb^^ |205j of data. A leptophobic Z predicted 
by the topcolor theory is excluded below 725 GeV. 

15.2 W bosons 

Both CDF [20i and D0 [SO^ have published results 
of searches for a heavy charged vector boson {W ) 
decaying to an electron-neutrino pair using 205 pb^^ 
and 1 pb~^ of data, respectively. In the context of a 
W with SM coupling to fermions, and for these data 
samples, the lower mass limits are 1 TeV for D0 and 
788 GeV for CDF, at 95% C.L. In a similar analy- 
sis that exploits 1.1 fb"^ of dijet data, CDF excludes 
at 95% C.L. the existence of W in the mass range 
280 < my^r' < 840 GeV p3j. 

W bosons that couple to right-handed fermions 
may not be able to decay to leptonic final states if 
the corresponding right-handed neutrinos {i^r) are too 
massive. In this case, only hadronic decays are possi- 
bje. To investigate the possibility of W decaying into 
tb, D0 and CDF have used a similar approach as for 




Fig. 44. Event display of a typical dielectron event, as 
measured by CDF in Run II [112] . 



their single top searches. The D0 Collaboration has 
published a result using 230 pb^^ of data which ex- 
cludes masses between 200 GeV and 610 GeV for a W 
boson SM couplings [208j . This search has been updated 
with approximately 0.9 fb~^ of data |209j . For a left- 
handed W boson with SM couplings, D0 sets a lower 
mass limit of 731 GeV. For right-handed W bosons, 
the lower mass limits on this hypothetical new particle 
at 95% C.L. are 739 GeV assuming that the W' bo- 
son decays to both leptons and quarks, and 768 GeV 
if it decays only to quarks. Assuming SM couplings to 
fermions for the W , CDF has used 1.9 fb~^ of data to 
set limits of m^/ < 800 GeV when m^' > m^^ and 
my^,' < 825 GeV when m^' < mj,^, at 95% C.L., on 
W resonances in the tb decay channel [210j . 



16 Large extra dimensions 

Models postulating the existence of large extra spatial 
dimensions have been proposed to solve the hierar- 
chy problem posed by the large difference between the 
electroweak symmetry breaking scale at 1 TeV and the 
Planck scale, at which gravity is expected to become 
strong. 

In the original compactified large extra dimensions 
model of Arkani-Hamcd, Dimopoulos and Dvali (ADD 
[211j ). the effect of the extra spatial dimensions is vis- 
ible as the presence of a series of quantized energy 
states referred to as graviton (G) states Kaluza-Klein 
(KK) towers. However, the visible states are too close 
in mass to be distinguished individually and the cou- 
pling is small. Thus, it is only due to their very large 
number that the Kaluza-Klein gravitons could be ob- 
served. The direct production of gravitons, which im- 
mediately disappear into bulk space, gives rise to an 
excess of events with a high transverse energy jet (or 
photon) and large missing transverse energy. 



Arnaud Duperrin 



Review of Searches for Higgs Bosons and BSM Physics at the Tevatron - Page 31 



K 0.1 



^0.09 




0.01 



200 300 400 500 600 700 800 900 
Graviton mass M., (GeV) 

Fig. 45. D0 95% C.L. upper limit on k/Mpy versus gravi- 
ton mass from 1 fb~^ of data for tlie ee + 77 final states 
combined [214] , 
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Fig. 46. Limits on the fundamental Planck scale Md 
for various numbers of extra dimensions from the CDF 
gg-^7 + G and gg^jets + G [219) . along with the LEP 
limit. 



Another way to look for extra dimensions is to 
search for a resonance. The first excited graviton mode 
predicted by the Randall and Sundrum (RS) model 
|184j could be resonantly produced at the Tevatron. 
The graviton is then expected to decay to fermion- 
anti-fermion or diboson pairs. 

16.1 Graviton resonances 

The CDF and D0 Collaborations have searched for 
resonances in their data in many different final states. 
Since the graviton has spin 2, the branching fraction 
to the diphoton final state is expected to be twice that 
of e+e~ final states. The diphoton background is esti- 
mated from misidentified electromagnetic objects and 
is extracted from the data. Results have been pub- 
hshed by CDF [145] (D0 [212]) based on 200 pb"^ (260 
pb~^) of data. The combined ee -I- 77 final states have 
been recently published by both experiments based on 
1.2-1.3 fb-i of CDF [TMlim] (D0 [HI]) data. Limits 
obtained are as a function of the graviton mass and the 
coupling parameter (k/Mpi), as represented in Fig. [45] 
for D0. The CDF Collaboration derives a lower limit 
of 889 GeV on the graviton mass at the 95% C.L. for 
k/Mpi —0.1. The D0 combined result of both ee and 
77 channels set lower masses limits of 300 (900) GeV 
at 95% C.L. for k/Mpi = 0.01 (0.1) ^T^. 

Recently, CDF has released a new result based on 
1.1 fb~^ of data in the search for a massive object 
decaying to a pair of Z bosons, both of which decay 
to ee |215j . The cross section times branching fraction 
for RS gravitons that decay to Z bosons is small, lead- 
ing to about one G^ZZ^eeee expected event pro- 
duced in 2 fb~^ of data. For this analysis, CDF re- 
laxed the lepton identification requirements to opti- 
mize the signal sensitivity. The relaxed selection ad- 



mits more background, which is then rejected by im- 
posing kinematic requirements on the invariant masses 
of the two Z boson candidates. Finally, a sample in 
data that is kinematically similar to the signal has 
been used to estimate backgrounds in the signal re- 
gion. No event are observed with rueeee > 500 GeV 
for an expected background of ± 0.02 in 1.1 fb~^ of 
data. The search is not yet sensitive to RS gravitons, so 
cross section limits of cr x Br{G^ZZ^eeee) ^ 4 pb 
for 500 < mo < 800 GeV are set on graviton produc- 
tion, assuming RS couplings. 



16.2 Jet/7+^j. 

At the Tevatron, gravitons can be produced recoiling 
against a quark or a gluon jet [216j . leading to an ex- 
cess of events with a high pT jet and large J^rp. The re- 
sulting topology is a monojet. Similarly, gravitons can 
be produced directly in processes such as 99— >7 + G. 

The D0 Collaboration has investigated KK gravi- 
ton production with a photon and missing transverse 
energy in 1 fb"! of data [2T3. At the 95% C.L., D0 
sets limits on the fundamental Planck scale {Md) from 
884 GeV to 778 GeV for 2 to 8 extra dimensions. 

The CDF Collaboration published results based on 
368 pb^^ of monojet data |.218j . Recently, the Collab- 
oration has released a new result based on up to 2 fb~^ 
of data which combines the jet/7-l-^T final states [219] . 
The optimization for the ADD model yields a photon re- 
quirement of Et > 90 GeV with > 50 GeV and a 
jet requirement ofpr > 150 GeV with Ifij, > 150 GeV. 
The dominant SM background to the monojet search 
consists oi Z 01 W boson plus jet production, with 
the Z decaying to a pair of neutrinos, or the lepton 
from W decay escaping detection. From the absence 
of an excess in the data, limits on A4d >1.42 (0.95) 
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Fig. 47. CDF signature-based searcli using 2 fb"'^ of data. 
Tlie distribution illustrates an example of a shape discrep- 
ancy found by ViSTA [229) in the final state consisting of 
exactly three jets with I77I < 2.5 and pr > 17 GeV, and 
with one of the jets satisfying I?)] < 1 and pr > 40 GeV. 
This distribution illustrates the effect underlying most of 
the Vista shape discrepancies which were attributed to 
modeling parton radiation rather than to new physics. 



are derived at 95% C.L. for the number of extra di- 
mensions riD =2 (6). The results are shown in Fig. 1461 
The D0 Collaboration has searched for monojet in 
85 pb^^ of data [220] . The most recent D0 search is in 
the qq-^-i+G final state with 1 fb"! of data [221]. This 
analysis sets limits at 95% C.L. on Md from 884 GeV 
to 778 GeV for 2 to 8 extra dimensions. 



17 CDF signature-based searches 

Most of the searches presented so far have been opti- 
mized for signatures within a specific BSM model. How- 
ever, it is also important to search for discrepancies 
with SM prediction in a model-independent approach, 
instead of focusing only on particular new physics sce- 
narios. 

Examples of such searches have been performed by 
the CDF Collaboration in the channels 77 -I- X, where 
X could be an electron, a muon, a photon, a tau, or 
missing transverse energy |222p223j , or .^7 -|- [2241 
I225j . Other preliminary results have been presented for 
final state such as i-\-^+$rp~\-h |226| . or Z-boson +X + 
Y+ anything, where X and Y can be leptons, photons, 
missing energy, or large total transverse energy (227j . 
These searches are based on 0.3-2.0 fb~^ of data and 
nothing striking has been observed yet. In particular, 
the ^y-fphoton-t-lepton final state analysis |225| using 
1 fb~^ of Run II data has not confirmed the Run I 
event [228] . 

An even more global analysis of CDF Run II data 
has also been carried out to search for indications of 
new phenomena in 2 fb~^ of data [229]. First, a model- 
independent approach (Vista) focuses on obtaining 
a panoramic view of the entire data landscape, and 



is sensitive to new large-cross-section physics [230]. 
It consists of a standard set of object identification 
criteria, which are used to identify isolated and ener- 
getic objects produced in the hard collision. All objects 
are required to have pt > 17 GeV. Events are parti- 
tionated into exclusive final states labelled according 
to the objects (e*,/Lt^,T^,7, j, 5, and compared 
to SM prediction. The SM prediction is obtained with 
PYTHIA [28| for the generation of inclusive W, Z, 77, 
iji jjj WW, WZ, and ZZ production, while madevent 
[231] provides events modeling for W/Z + n jets and 
HERWIG [33] is used for top quark pair production. 
Detector response is modelled with the CDF simula- 
tion and a global fit for corrections factors (such as 
efficiencies and fake rates) is performed on the data. 
In the end, the number of events observed supports 
the standard model prediction with few discrepancies 
(see Fig. 147]) attributed to modeling the parton radia- 
tion and underlying event in the data. A subset of the 
ViSTA comparison is given in Table. [4] 

A quasi-modcl-indepcndent approach (Sleuth) em- 
phasizes the high-pT tails and is particularly sensi- 
tive to new electroweak-scale physics [232] . Sleuth is 
a quasi-model-independent search technique based on 
the assumption that new electroweak-scale physics will 
manifest itself as an excess of data over the SM expecta- 
tion in a particular final state at large summed scalar 
transverse momentum Q2pt)- An algorithm has also 
been developed to search invariant mass distributions 
for "bumps" that could indicate resonant production 
of new particles. Here again, this global search for new 
physics in 2 fb^^ of pp collisions reveals no indication 
of physics beyond the SM. 

These global searches are complementary to tar- 
geted searches with specific signatures. However, it has 
been demonstrated that in order to exploit the data 
sample fully in term of sensitivity for a specific model 
with particularly distinct kinematic features, targeted 
searches out-perform these global approaches. For in- 
stance, a 115 GeV SM Higgs boson decaying to two 
^-tagged jets in association with a heavy electroweak 
gauge boson is better treated using the bb invariant 
mass resonance rather than using the scalar transverse 
momentum sum. 



18 Conclusion 

The Tevatron Run II collider program is scheduled to 
run until October 2009 and possibly extend into 2010 
to add an extra 25% of data, leading to an expected 
delivered integrated luminosity of about 8-9 fb~^. The 
search for the Higgs boson and physics beyond the 
standard model will greatly benefit from this addi- 
tional integrated luminosity. The accelerator perfor- 
mance is excellent and provides a great opportunity for 
the CDF and D0 experiments to meet or exceed their 
stated physics goals. Both CDF and D0 experiments 
have now surpassed the 4 fb~^ in delivered luminosity. 

While the ATLAS and CMS experiments at the 
LHC should be in good position to discover the Higgs 
boson on a time scale similar to the one considered at 
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Table 4. A subset of the model-independent search (Vista), which compares CDF Run II data with the SM prediction 
in 2 fb^^ of data |229| . Events are partitioned into exclusive final states based on standard CDF particle identification 
criteria. Final states are labelled in this table according to the number and types of objects present, and are ordered 
according to decreasing discrepancy between the total number of events expected and the total number observed in the 
data. Only statistical uncertainties on the background prediction have been included in this Table. 
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the Tevatron, observation in the H—>bb decay chan- 
nel wiU be extremely difhcult at the LHC. Given the 
importance of observing the Higgs boson in its main 
decay mode, searches at the Tevatron have thus to be 
viewed as complementary to, rather than in competi- 
tion with, the Higgs boson search at the LHC. Failure 
to observe the Higgs boson in the mass range consid- 
ered would also be a very important result, as it would 
indicate a breakdown of the standard model and give 
directions for alternative theories. 

Current elcctroweak data point to the existence of 
a light Higgs, which means that the so- far elusive Higgs 
particle is within reach of Tevatron. Soon the LHC will 
also exploit its potential for discovery of new particles. 
However, a light Higgs boson corresponds to the less 
favorable scenario at LHC for an early discovery. In ad- 
dition, it may take some time to operate the ATLAS 
and CMS detectors and to understand the new data. 
At the Tevatron. a Higgs boson in this mass range can 
only be convincingly observed if the integrated lumi- 
nosity delivered is sufficiently large (8-9 fb~^) and the 
current analyses continue to improve their sensitivity. 
Furthermore, if its mass is heavier than Ril40 GeV, 
the MSSM will be ruled out, a conclusion which applies 
to the majority of supersymmetric models. 

This review has summarized the searches for Higgs 
bosons and bcyond-the-standard-model physics at the 
Tevatron that have been conducted until May 2008. 
However, despite all efforts, no significant deviations 
from the standard model predictions have been found 
to date based on data samples corresponding to inte- 
grated luminosities of up to 2.5 fb~^. Of course, this 
should not be taken to mean absence of new physics 
in these data, for there are still a number of fb~^ of 
frontier physics ahead of us at the Tevatron. 
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